Wear-quantification of textured geomembranes using digital imaging analysis by Catalin A. Zaharescu (7178765)
  
Wear Quantification of Textured Geomembranes 
using Digital Imaging Analysis 
 
by 
Catalin Alexandru Zaharescu 
 
 
A Doctoral thesis 
 
Submitted in partial fulfilment of the requirements for the award of Doctor of 
Philosophy of Loughborough University 
 
 
November 2018
 
© by Catalin Alexandru Zaharescu 2018 
 
 i | P a g e  
 
ABSTRACT 
 
During the past decades there has been an increase in the use of geosynthetics in 
construction due to their versatility in providing a wide array of functions such as 
reinforcement, containment, separation, filtration and drainage. Often, geosynthetics are used 
in conjunction with other geosynthetics to accomplish these functions. However, 
geosynthetics create possible planes of weakness which can lead to failures. Textured 
geomembranes are widely used within landfill and mining industries due to their containment 
and shear strength properties, however, there are subjected to a wide array of loads and 
environments which are potentially hazardous, as such is of utmost importance to retain their 
integrity in order to avoid ecological disasters. The challenge is to understand how 
geomembranes resist damage, wear and which of these factors control the development of 
wear on textured geomembranes. 
Digital imaging techniques have been used in order to develop a protocol that describes the 
quantification of wear on textured structured geomembranes. Direct shear tests were 
performed to induce wear on the geomembrane textures (asperities) to analyse the wear 
mechanisms and study the factors that induce wear on the asperities.  
The research showed that normal stress and shear displacement have a major role in the 
development of wear on interfaces. However, the geometrical characteristics of the 
geomembrane asperities control the amount of wear the geomembrane can sustain without 
significant shear strength loss. These outcomes help to better understand the behaviour of 
interfaces which have as component geomembranes, leading to more robust designs. 
This study also proposed new asperity texture shapes by using Rapid Prototyping (RP) 
techniques, such as Selective Laser Sintering and Fused Filament Fabrication. Using RP 
techniques to create new textures for the geomembrane, could allow the creation of textures 
which have increased shear strength thresholds and better withstand wear, allowing for more 
advanced and economical designs. 
Key words: Textured Geomembranes; Wear; Shear Strength; Digital Imaging; Rapid 
Prototyping  
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CHAPTER 1  
INTRODUCTION 
1.1 Background of study 
As the world population increases there is a major requirement for disposal of waste, 
despite the increasing efforts to reuse and recycle waste materials. The disposal of the waste is 
traditionally done by landfill which has to be engineered to protect the environment from 
hazardous and harmful compounds in the waste material (Fowmes, 2007). In order to create a 
protective barrier so that the hazardous elements of the waste do not enter the environment, 
landfills are designed using geosynthetic lining systems that act as a barrier between pollutant 
and soil (Koutsourais et al., 1991). In addition to landfills, geosynthetic lining systems are 
used in a wide variety of geotechnical and hydraulic works as their properties allow them to 
handle specific functions as reinforcement, filtration, drainage, waterproofing, separation and 
containment (Giroud, 1984). Geosynthetic lining systems are also used in the mining industry, 
being incorporated in constructions of process solution pond liners and heap leach liner 
facilities (Lupo and Morrison, 2007).  
In order to accomplish these functions, geosynthetics are often combined in multi-layer 
systems (Fowmes and Zamara, 2014) and may even be placed on slopes, such as in the case 
of lateral barriers and landfill covers. However, geosynthetics interfaces are possible planes of 
weakness and have the potential to cause failure of geotechnical structures. Failures in 
landfills involving interfaces have been historically reported (Koerner and Soong, 2000; Filz 
et al., 2001; Dixon and Jones, 2003; Bergado et al., 2006) and these interfaces are of 
increasing importance with higher, steeper slopes required in mining applications (Lupo, 
2010). Higher strength and more reliable interaction between geosynthetics and adjacent 
materials will allow steeper, higher and safer slopes to be constructed. Moreover, with an 
increasing emphasis on sustainable infrastructure, increased geosynthetic interface 
performance will allow more widespread application of these materials in construction 
applications, including uses with marginal fill materials (Fowmes et al., 2017) . 
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In order to increase geosynthetic interface performance, there is a need for understanding 
of the mechanisms that control interface shear displacements which can be: waste settlement, 
seismic loading and stress transfer from nearby slopes (Stark and Poeppel, 1994; Filz et al., 
2001; Fox and Thielmann, 2012). Sia and Dixon, (2007) showed that shear displacements can 
exceed 1 m during numerical simulations of waste settlements, this being complemented by a 
large scale field test performed by Zamara et al., (2012) which showed significant shear 
displacements for a non-woven needle punched (NWNP)/geomembrane (GM) interface on a 
side slope due to veneer sand and early waste loading. These displacement have an adverse 
effect on the interfaces as the components are sustaining damage during shear displacements 
(Fox and Thielmann, 2012). The damage induced on the interface components during shear 
displacement known as wear. Although geosynthetics have been used for more than half a 
century there remain many unknowns regarding the physical mechanisms affecting 
geosynthetic interfaces. In particular, what physical change, or ‘wear’, occurs to cause post-
peak shear strength reductions. 
Frost et al. (2002) studied the magnitude of wear that geosynthetic materials suffer when 
placed in contact with soil and other geosynthetic materials. The authors defined the wear as 
“a process where the characteristics of a material are altered during interaction with another 
material”. Interface wear has been studied by researchers on various interfaces (e.g. 
geomembrane-geotextile and geomembrane-soil) using static pressure tests (Hullings and 
Koerner, 1991; Motan et al., 1993; Dickinson and Brachman, 2008; Hornsey and Wishaw, 
2012; Brachman and Sabir, 2013) as well as direct shear tests (Frost and Dove, 1996; Frost et 
al., 2002; Hebeler et al., 2005). Stark et al., (1996) studied the interface shear strength of high 
density polyethylene (HDPE) geomembrane-geotextile interface using a torsional ring shear, 
finding that the post-peak strength loss was due to the pulling out of fibres from the non-
woven geotextile and their orientation after shearing which was parallel to the shear direction. 
The study used a scanning electron microscope to illustrate how the fibre orientation changed 
after shearing. Frost et al., (2002) studied the magnitude of wear that geosynthetic materials 
suffer when placed in contact with soil and other geosynthetic materials For geosynthetics 
there are multiple wear mechanisms that have been found such as removal of the texture on a 
geomembrane, surface scarring of a geomembrane, pull-out or breakage of the filaments of a 
geotextile; however, no quantitative analysis was performed. 
Prior to this project a lack of understanding of the changes in geomembrane surface 
morphology during shear was identified. This project pursues to address this in particular to 
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investigate the influence these changes have on the peak shear strength mobilisation and the 
post-peak shear strength reduction of Geomembrane-Geotextile interfaces. 
 
1.2 Aim and Objectives 
Aim 
To understand and quantify changes in geomembrane surface morphology during shear 
strength mobilisation and post-peak shear strength reduction and propose improvements to 
surface texturing for increased interface shear strength.  
 
Objectives 
1. Develop a sampling technique and protocol for pre and post sheared geomembranes  
2. Develop quantification methods for surface wear on geosynthetic interfaces 
3. Quantify the variability of geometrical characteristics for geomembrane textures 
4. Quantify the surface changes occurring during wear of geosynthetic interfaces at a 
range of normal stresses 
5. Propose improvements to geomembrane texturing to enhance shear strength and to 
better resist wear  
 
1.3 Thesis Structure 
To present this research, the following thesis structure is used: 
Chapter 1 – Is the introduction and presents the justification of the project, its aims and 
objectives 
Chapter 2 – Presents a review of the existing literature on geosynthetics and their use, 
interface shear strength and testing, and quantification of wear on textured geomembranes and 
quantification techniques used.  
Chapter 3 – Provides an overview and justification of the research methodology used in 
this study to meet the aim and objectives. 
Chapter 4 – Presents the results and analysis of direct shear testing performed on different 
interfaces, the variability analysis performed on virgin and sheared asperities, the 
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development of wear analysis under various normal stresses and different displacements using 
3D profilers and SEM microscopes. 
Chapter 5 – Discusses the implications of the results with respect to the stress-strain 
response of the studied interfaces, analyses the implication of the variability of geomembrane 
texture on the direct shear results and analyses the correlation between the applied normal 
stress and shear displacement and the wear induced on the interface 
Chapter 6 – Summarises the principal findings of the study and makes recommendation 
for further research. 
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CHAPTER 2  
LITERATURE REVIEW 
2.1 Introduction 
Over the past decades there has been a push in providing better, faster and more 
economical projects (Fowmes, 2007). Also in recent years, there has been a drive in reducing 
the impact that humanity has on the environment through an increase in the amount of waste 
which is recycled (Fowmes, 2007). These reasons have led to an increased usage of 
geosynthetic materials. However, this increase has also brought some problems, due to the 
fact the commonly geosynthetics are used in conjunction with other geosynthetics leading to 
the formation of possible planes of weakness and have the potential to cause failure (Koerner 
and Soong, 2000; Filz et al., 2001; Dixon and Jones, 2003; Bergado et al., 2006). 
Geosynthetics are now widely used in a number of different containment situations, with 
geomembranes and geotextiles commonly being found together in lining systems such as it 
can be seen in Figure 1. It is crucial to the design of these lining systems that accurate testing 
is carried out to determine the properties of the materials that are to be used in construction. 
The interaction between these two materials has been widely documented with different 
interaction mechanisms being identified. These interaction mechanisms behave differently at 
different normal stresses and with the various different types of geomembranes and 
geotextiles available on the market. 
 
Figure 2.1. A Typical Landfill Lining System 
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As it can be seen in Figure 2.1 geosynthetics come into contact with other geosynthetics 
and with soil forming interfaces. Dixon (2010) stated that the use of geosynthetics within 
structures, forms potential planes of weakness, as such it is of utmost importance to assess 
correctly the interaction and behaviour of the interfaces. The assessment of these interfaces is 
made using laboratory tests using different testing techniques such as direct shear testing, ring 
shear testing and inclined plane shear testing (Section 2.5.1.)  
During their lifetime, geosynthetics are subjected to normal stresses, shear stresses and 
displacements, all of which can induce wear of the materials. It is very important to 
understand how the wear mechanisms develop and to try to mitigate the effect of the wear and 
damage suffered by geosynthetics, in order be able to predict and solve potential issues that 
may appear. 
Frost et al., (2002) studied the magnitude of wear that geosynthetic materials suffer when 
are placed in contact with soil and other geosynthetic materials. The authors defined the wear 
as “a process where the characteristic of a material are altered during interaction with 
another material”. For geosynthetics there are multiple wear mechanisms that have been 
found such as removal of the texture on a geomembrane, surface scarring of a geomembrane, 
pull-out or breakage of the filaments of a geotextile. 
The purpose of this research is to look into the behaviour of geosynthetic-geosynthetic and 
geosynthetic-soil interfaces and the wear that occur at these interfaces, and develop a method 
of quantifying the amount of wear present at the interface after shearing. This is done to 
develop a better understanding of the mechanism that lead to the development of wear, and 
find solutions to mitigate the effect of wear and improve geosynthetics behaviour.  
2.2 Geosynthetics background 
 Geosynthetics evolution 
The improvement of soil and man-made structures by combining materials which could 
enhance the strength of a structure or the soil can be found throughout the history such as 
wood logs tied together in order to form road in swamps and where the soil was too soft 
dating almost 3000 years BC, or the reinforcement of the earth brick used for the construction 
of the Great Wall of China using dried reeds (Koerner, 2012).  
Various techniques and materials were continuously used for reinforcement throughout the 
years, however, the first use of man-made products was documented in 1936 when, according 
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to Koerner, (2012), after Beckham and Mills (1935), South Carolina Highway Department 
tried to use cotton fabric as road reinforcement. Even if cotton is a natural material, it was 
processed into cotton fabric in factories, thus it can be considered as being man made. This 
proved to be a success as this material reduced cracking, revealing and road failures; however 
the drawback was the relatively short life span of the cotton fabric which caused issues, due to 
the fact that this layer of fabric was placed on top of the soil subgrade, being covered by 
layers of asphalt and sand that needed to be removed once the cotton started to break 
(Koerner, 2012). Although they were introduced on the market in early 1930s, the polymers 
(PVC – polyvinyl chloride, LDPE – low density polyethylene, PA – polyamide or nylon, EPS 
– expanded polystyrene, PET – polyester, HDPE – high density polyethylene, PP – 
polypropylene ) which are the base material for the geosynthetic industry, the first time they 
were used was in 1950s in some ground works involving water transport (Shukla and Yin, 
2006; Staff 1984). 
 By the end of 1950s companies were starting to manufacture woven fabric that had the 
purpose of acting as a separation or filter layers between granular fills and weak soil, which 
later became known as geotextiles (Shukla and Yin, 2006). The next decade was marked by 
the introduction of the non-woven needle punched geotextiles in engineering projects such as 
highways and railway track building (Shukla and Yin, 2006).  
The beginning of 1970 was a milestone in the use of geosynthetics, being the first time that 
geotextiles, needle punched non-woven geotextile specifically, were used as filtering layer for 
the downstream drain of a 17m high dam (Giroud, 1992). Also by the end of this decade, the 
geotextiles were starting to become part of more soil reinforced structures, and the first 
committee on geosynthetics was formed under the name of ASTM D-12-18, which later will 
become the American Standard for testing geosynthetics (Shukla and Yin, 2006). The first 
International Geosynthetics Conference is held Paris in 1977.  
The 1980s show an increase in the usage of geosynthetics as they are starting to be used in 
waste containment facilities. Also this is the decade in which the  first book on geosynthetics 
is published by Koerner and Welsh, the International Geosynthetics Society (IGS) is formed 
in 1980 and the first issue of Geotextiles and Geomembranes is published in 1984 (Shukla 
and Yin, 2006). 
The beginning of 1990s is bringing the introduction of many geosynthetics standard that 
give advice for testing, design and usage of geosynthetics. Also the first issue of 
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Geosynthetics International is published in 1995 (Shukla and Yin, 2006). Also during this 
period the research of the behaviour of the geosynthetics in contact with soil or other 
geosynthetics was starting to increase (Bemben and Schulze, 1998; Blumel and 
Brummermann, 1996; Criley and Saint John, 1997; Jones and Dixon, 1998; Lalarakotoson et 
al., 1999; Orman 1994; Stark and Poeppel, 1994; Stark et al., 1996; Takasumi et al., 1991). 
This is due to the fact that failures are starting to occur in structures that have been 
constructed using geosynthetics, one of the most high profile failures being the Kettleman 
Hills waste landfill slope (Seed et al., 1990).  
 Geosynthetic categories 
Geosynthetics can be divided in five generic application groups each one representing the 
role the geosynthetics have in a project (Kim and Frost, 2011; Koerner, 2012): 
• Separation - The geosynthetic plays the role of preventing the mixture of two 
layers of soil or two different materials which are side by side. Figure 2.2 shows 
how the geosynthetic is used as a separator (Shukla and Yin, 2006). The separation 
of different layers of soil using geosynthetics is done usually in applications such as 
road and rail works, foundations and embankments, where the layers of soil that are 
being placed consist of coarse grain materials. These materials are usually places 
on top of fine grain materials, thus a separation membrane is needed (Shukla and 
Yin, 2006). 
 
Figure 2.2. The separation role of geosynthetics: (a) mixing of soil layers without 
geosynthetic separator; (b) the separation role of geosynthetics (after Shukla and Yin, 2006) 
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• Reinforcement - Geosynthetics act as reinforcement when the soil is too weak to 
sustain loading or ensure stability of a slope for example, by improving the 
mechanical properties of that soil mass. This is due to the fact that, when a 
geosynthetic is included in a soil, this material is able to withstand the tensile forces 
that the soil, by its nature, cannot bear. Figure 2.3 shows how a geosynthetic layer, 
by its ability to resist tension forces, reinforce an unstable slope.  
Koerner, (2012) divided the reinforcing mechanisms of geosynthetics into three 
categories, function of the load that the geosynthetics is bearing, as follows: 
1. Membrane type – the membrane is reinforcing a deformable soil when a normal 
load is applied. 
2. Shear type – the interface interaction between soil and reinforcing geosynthetics 
increases when a normal load is applied and shearing occurs. 
3. Anchorage type – this type of mechanism is similar with the shear type, but here 
the reinforcing geosynthetics is being pulled out the soil thus increasing the shear 
stress at the interface. 
 
Figure 2.3. Example of how the geosynthetic acts as a reinforcement within an unstable 
slope (after Shukla and Yin, 2006) 
• Filtration – The filtration is a function that geosynthetics can perform when there is 
a need of separating fluids from soil particles. This happens usually in the heap 
leach mining industry, where the metals which are washed from the soil using 
leachate have to be collected.  
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Figure 2.4. Geosynthetic acting as filtration layer that forbids the soil particles from mixing 
with the drainage stones (after Shukla and Yin, 2006) 
• Drainage – The drainage function is the ability of a geosynthetic to allow fluid to 
be transmitted whilst minimising the volume of the soil that passes. The majority of 
the geotextiles can perform drainage, however one of the most suited types to act as 
drains are the non-woven needle punched geotextile due to the voids present in 
their structure (Koerner, 2012). Figure 2.5 presents how the drainage function is 
performed by geosynthetics. 
 
Figure 2.5. Example of a geosynthetic performing the drainage function for a backfill of a 
retaining wall (after Shukla and Yin, 2006) 
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• Containment – Geosynthetics, specifically geotextile rarely perform the 
containment function due to their high porosity. However there are certain cases 
when geotextiles are coated with bitumen or polymer that transforms them into 
suitable containment materials (Koerner, 2012) 
Koerner, (2012) states that these materials are used for two major reasons. The first is the 
performance of the geosynthetics as they suffer from minimal material deterioration and do 
not allow leakage. The second one, which is in today’s world one of the governing aspects 
when using a material, is the economical factor. These materials are cheaper to fabricate, 
transport, install and maintain than the traditional ones (Koerner, 2012). Furthermore, there 
are ecological benefits that geosynthetics provide to the environment. Raja et al., (2011) states 
that due to recent changes in the UK legislation, construction companies are being driven to 
use geosynthetics in their project due to the fact that these materials have shown to reduce the 
carbon emissions and the carbon footprint of construction projects. 
Shukla and Yin, (2006) attributes the growth of geosynthetics development and usage 
across civil, geotechnical and other engineering branches to the following factors and 
properties of these materials: they do not corrode, present biological and chemical 
degradation resistance, have a long live span when covered with soil, are very flexible, 
occupy a small volume in comparison with traditional material such as concrete or steel, are 
light, easy to transport and store, the installation process is not time consuming and can be 
used not only to improve strength, but as well as enhance the aesthetics of structures. They 
can partially or fully replace traditional materials such as gravel, sand and bentonite clay 
making them very economical in projects (Shukla and Yin, 2006). 
2.3 Geosynthetic Materials 
Koerner, (2012) divides geosynthetics in seven categories as follows: 
• Geotextiles 
• Geomembranes 
• Geocomposites 
• Geogrids 
• Geonets 
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• Geosynthetic clay liners 
• Geofoam 
However the focus of this research will be geomembranes and geotextiles as they are one 
of the most common geosynthetic-geosynthetic interface used. These types of geosynthetics 
will be described in more detail in the following sections. 
 Geomembranes 
Being one of the most used types of geosynthetics, they are widely used in engineering 
projects as liquid of vapour barrier for reservoirs, dams, heap leach pads and waste 
containment facilities (Fox et al., 2014). Essentially, the are polymer sheets that have 
different properties based on their tensile strength, hardness, surface roughness, chemical 
structure and manufacturing process (Kim and Frost, 2011). 
The barrier function of geomembranes is due to the fact the these materials are almost 
impermeable ranging between 0.5 x 10-12 and 0.5 x 10-15 m/s (Shukla and Yin, 2006). Their 
permeability is, according to Shukla and Yin, (2006), lower with 103 to 106 times that the 
permeability of compacted clay, thus they are the most appropriate materials for waste 
containments or waterproofing. The minimum thickness that all geomembranes should have is 
of 0.75 mm, however, the HDPE geomembrane needs to be at least 1.5 mm thick in order to 
be able to be welded (Qian et al., 2002). 
The raw materials used for geomembrane manufacturing are mainly polymers, with 
polyethylene being the most used polymer. Depending on the density of the polyethylene the 
membranes fall in the following categories (Koerner, 2012): 
• High-density polyethylene (HDPE) membranes. 
• Linear medium-density polyethylene (MDPE) membranes – however these types of 
membranes are very rarely used. 
• Linear low-density polyethylene (LLDPE) membranes. 
However, polyethylene is not the only polymer used in the fabrication of geomembranes. 
According to (Koerner, 2012), other polymers were introduced for manufacturing 
geomembranes such as flexible polypropylene (fPP) and thermoplastic polyolefin (TPO), the 
latter being a blend of different polymers such as polypropylene and polyethylene, combined 
 13 | P a g e  
 
with rubber and some reinforcing fillers which can be talc, fiberglass or carbon fibre. The 
drawback of TPO is that it cannot be made into sheets by blowing process, thus it is not as 
common as PP or HDPE polymers. 
The manufacturing process of geomembranes is a complex process that starts from the 
manufacturing of the polymers and ends when the geomembrane sheets are finished and ready 
for transport to the sites. Koerner, (2012) divides the geomembrane manufacturing process in 
three different methods as follows: 
• Extrusion. 
• Calendering. 
• Spread coating. 
Geomembranes are divided in two major categories from the surface point of view: 
• Smooth surface geomembranes - widely used in projects, with waterproofing and 
separation purposes (Kim and Frost, 2011). 
• Roughened surface geomembranes – typically used in slopes in order to improve 
the interface shear strength (Kim and Frost, 2011). 
Roughened surface geomembranes are created in order to improve the friction of the 
membranes with other materials. This is done by creating texture on the smooth surface of a 
geomembrane. The process of texturing can be done through the following methods: 
coextrusion, impingement, lamination and structuring (Koerner, 2012; Hebeler et al., 2005). 
❖ Coextrusion 
With this method, the texture is applied during the extrusion of the smooth sheet. This is 
done by applying molten extrudate mixed with a blowing or foaming agent which is usually 
nitrogen gas through a small extruder. As the extrudate is cooling, the blowing agent expands 
and opens, creating the texture surface (Koerner, 2012). Figure 2.6 show how the coextrusion 
process works. 
Ivy, (2003) states that this method of creating asperities is not a reliable method due to the 
fact that it cannot be controlled, thus the asperity height is not constant of the membrane 
surface, with individual asperities varying from 0.225 to 0.8 mm in height. Scheirs, (2009) 
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considers that this method of creating texture has a number of limitations such as a variable 
core thickness, non-uniform area coverage, inconsistent asperity heights on the surface and 
smaller elongation and stress crack resistance. These limitations are not present in other 
texturing methods. 
 
Figure 2.6. The process of creating texture by using the coextrusion method (Blümel et al., 
2000; Scheirs, 2009) 
❖ Impingement 
This method consists of spraying or dropping LDPE granules with a lower melting point 
on an already extruded geomembrane. A sketch of the impingement method can be seen in 
Figure 2.7. There is need for compatibility between the material used for the geomembrane 
and the material used for the texturing so that the necessary adhesion between the two 
materials is reached (Scheirs, 2009). Also, when employing this method the uniformity of the 
applied texturing has to be checked as this has a major influence on the frictional properties of 
the membrane. 
This method has a few advantages over the coextrusion method such as the constant core 
thickness across the entire membrane, the texturing having little effect on the tensile and 
elongation properties of the geomembrane (Scheirs, 2009). Although it is a common method 
used in Europe, in North America is rarely used due to the high manufacturing costs 
(Koerner, 2012). 
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Figure 2.7. Texturing of geomembrane with the impingement method (Koerner, 2012) 
❖ Lamination 
In this process the texturing is a foaming agent which is being applied on an already 
extruded geomembrane. The foaming agent that contains molten polyethylene is applied of 
the membrane with the help of a spreader, as it can be observed in Figure 2.8 (Koerner, 2012). 
 
Figure 2.8. Texturing of geomembranes by lamination method (Koerner, 2012) 
The membranes textured by this method have to be tested in order to ensure that the shear 
strength of the texture is higher than the shear strength of the soil that will come in contact 
with. This is due to the fact that if the texture is weak a potential shear plane could develop 
between the smooth membrane and the applied texture. This method is rarely used due to the 
high manufacturing costs (Koerner, 2012). 
❖ Structuring 
This method consist in passing a smooth sheet of geomembrane fabricated with the flat bed 
cast methods through  two patterned rollers right after exiting the die lips. This is done 
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because the membrane is still hot and can be textured with ease (Koerner, 2012). A sketch of 
the structuring method can be observed in Figure 2.9. 
 
 
Figure 2.9. Geomembrane texturing using the structuring method (Scheirs, 2009) 
 
This method of texturing has a number of advantages over the impingement or coextrusion 
method such as: the structure of the membrane is completely homogenous, the material used 
is the same thus no inconsistencies between the membrane and texture can appear, and the 
texture has constant height across the entire surface of the geomembrane (Scheirs, 2009). One 
of the most notable advantages that the geomembranes textured with this method has over the 
other texturing methods, is that structured geomembranes have a very good behaviour and 
increased shear resistance in steep slope projects (Scheirs, 2009). Hebeler et al., (2005) states 
that with this method the texture applied can have various patterns and sizes, which is a big 
advantage, as if there is need for a particular type of texture, only the patterned rollers need 
changing, the rest of the manufacturing process remaining the same. 
 
Due to their very low permeability, geomembranes are very well suited for containment 
facilities or for waterproofing. They are used in all kinds of applications such as geotechnical, 
environmental, hydraulic and transportation with the following purposes (Koerner, 2012): 
• Liners – for potable water, for waste liquids, for radioactive or hazardous waste 
liquid, for solar ponds, for brine solutions, for agriculture industry, for golf course 
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water holes and sand bunkers, for decorative and architectural ponds, for water 
conveyance canals, for heap leach pads, for vertical walls (Koerner, 2012). 
• Covers – for solid-waste landfills, for aerobic and anaerobic manure digesters in the 
agriculture industry, for power plant coal ash (Koerner, 2012). 
• Waterproofing – for tunnels and pipelines, for earth and rockfill dams, for roller-
compacted concrete dams, for masonry and concrete dams, beneath asphalt 
overlays (Koerner, 2012).  
• Control – expansive soils, soil susceptible to frost (Koerner, 2012). 
• Prevention – infiltration of water is sensitive areas, of pollution from dicing salts 
(Koerner, 2012). 
 
 Geotextiles 
 
Geotextiles are one of the most common types of geosynthetics. As the name implies they 
are textiles, however instead of natural fibres they are made from synthetics ones, thus 
enhancing their life and resistance to biodegradation (Koerner, 2012).  
Koerner, (2012) is dividing the manufacturing of geosynthetics in 3 categories: 
• Type of polymer used 
According to Koerner, (2012) the majority of geotextiles are made from polymeric 
materials, polypropylene being the material most used. The materials used are as follows: 
polypropylene (95%), polyester (2%), polyethylene (2%), and polyamide (1%). 
• Type of fibres 
Regarding the type of fibre used, Koerner, (2012) divides them in 5 major categories which 
are: monofilament, multifilament, staple fibre yarn, slit-fit monofilament and slit-film multi 
filament. These types of fibres can be seen in Figure 2.10. 
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Figure 2.10. Types of polymer fibres used for geotextile manufacturing (Koerner, 2012) 
• Fabric style 
The fabric style is determined by the manufacturing technique used and can be one of the 
following: woven, non-woven and knitted geotextiles. 
❖ Woven geotextiles 
This type of material is obtained by the classic process of weaving. The process of weaving 
is still the one which was used in the old weaving looms, even if today the machines have 
been developed. This process can be seen in Figure 2.11. 
 
Figure 2.11. Weaving loom components (Shukla and Yin, 2006) 
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❖ Non-woven geotextiles 
Non-woven geotextiles are, according to Kim and Frost, (2011), porous and fibrous 
materials made of filaments that are usually linear, their distribution being uneven across the 
material. The inner structure of the geotextiles depends on the filaments properties such as 
mass density, size, orientation, curvature and spatial distribution (Kim and Frost, 2011). This 
type of geotextiles is manufactured through a process that involves gathering the fibres, which 
are previously blown with air in another machine to make them loose, and arranging them in 
layers. These layers are then passed through a machine that bonds the fibres. The bonding 
process depends on the bonding technique used, that, according to Shukla and Yin, (2006), 
can be the following: 
• Mechanical bonding (commonly known as needle punching) (Figure 2.12). 
• Thermal bonding (the fibres are partially melted). 
• Chemical bonding (the fibres are fixed together with the help of glue, synthetic 
resins). 
 
Figure 2.12 – The needle punching process (Shukla and Yin, 2006) 
❖ Knitted geotextiles 
As the name implies these materials are manufactured by using knitting techniques. An 
example of such a geotextile can be seen in Figure 2.13. 
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Figure 2.13. Knitted geotextiles (Shukla & Yin 2006) 
Geotextiles are currently used for a large variety of applications however the most 
important are separation, reinforcement, and drainage. However, Koerner, (2012), states that 
these are only the major functions of these materials and each of them has a wide array of 
specific applications. Some of them will be mentioned below: 
• Separation – between geomembranes and sand drainage layers, between foundation 
and encapsulated soil layers, between landfills and stone base courses, between 
soils and rigid retaining walls, between various zones in earth dams, etc. (Koerner, 
2012). 
• Reinforcement – embankments reinforcement, temporal slope stabilisation, 
prevention of geomembranes puncture by landfills materials or stone base, to hold 
graded-stone filter mattresses, as basal reinforcement over soft soils etc. (Koerner, 
2012). 
• Filtration – replacing granular soil filters, beneath ballast under railroads, beneath 
landfills that generate leachate, as a snow fence, between backfill soil and gabions 
etc. (Koerner, 2012). 
• Drainage – as a chimney drain in an earth dam, as a drainage gallery in an earth 
dam, as an air drain beneath geomembranes, as a capillary break in frost-sensitive 
areas, as a water drain beneath geomembranes etc. (Koerner, 2012). 
2.4 Interface shear strength 
Shear strength is the dominant parameter when considering the stability of geosynthetic 
lining systems. These lining systems are usually composed of a series of layers. The interface 
between these layers is a weak link and this is the place where a geosynthetic lining system 
has the highest chance of failure. These interfaces are found between geosynthetic-
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geosynthetic layers or between soil-geosynthetic layers. The dominant parameter at these 
interfaces is the shear strength behaviour. In classical soil mechanics, the shear strength (τ) 
was defined by Coulomb as being (Jones and Dixon, 2003): 
𝜏 = 𝑐 + 𝜎𝑛 tan𝜑 
Where c is the cohesion of the soil, σn is the normal stress to the plan and φ is the friction 
angle between the two layers of an interface. Equation 1 can be rewritten in accordance with 
Terzaghi’s concept of effective stress thus becoming: 
𝜏 = 𝑐′ + 𝜎𝑛′ tan𝜑′ 
Where c’ and φ’ are shear strength parameters expressed in terms of effective stress. In 
order for sliding to occur on a plane, the shear stress needs to overcome the frictional 
resistance (σn’tanφ’). This frictional resistance is dependent on the effective normal stress 
acting on the plane, on the friction angle and on the cohesion (Jones and Dixon, 2003). 
However, when considering geosynthetic-geosynthetic interfaces, cohesion is not presents 
and as such the shear strength equation can be rewritten in the following form: 
𝜏 = 𝛼′ + 𝜎𝑛′ tan 𝛿′ 
Where the shear strength parameters of the soil are replaced with the shear strength 
parameters of the geosynthetic as following: α’ is the interface adhesion and δ’ is the interface 
friction angle. 
Usually, the factors that influence the shear strength mobilisation at the interface are the 
following: 
• Geotextiles – mass density, tensile properties of the textile and also the individual 
filaments (Kim and Frost, 2011). 
• Geomembranes – the surface texture type and properties, roughness, hardness and 
tensile properties (Kim and Frost, 2011). 
Interface shear tests are used to ascertain the parameters needed for finding the failure 
criterion for various interfaces. This is usually done with the help of the direct shear tests 
which is the most used type of test, however ring shear tests and inclined plane test can be 
also used. In order to obtain the necessary parameters a minimum number of three tests is 
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needed, from which the shear stress is recorded at various displacements during the test. Then 
the shear stress can be plotted against shear displacement, as seen in Figure 2.14, from which 
peak shear strength and residual shear strength values can be obtained. 
 
Figure 2.14. Typical shear stress vs. shear displacement curves 
The values for peak and residual shear stress obtained from Figure 2.14 can then be plotted 
against the normal stress values to get the failure envelope of the interface. This is shown in 
Figure 2.15. 
 
Figure 2.15. Typical failure envelope for a shear stress vs shear displacement curve (See 
Figure 2.14) 
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 Interface interactions 
 Influence of texturing on interface interactions 
 
When interfaces are subject to a constant shear displacement rate, they reach a peak shear 
strength value before exhibiting a fall in shear strength at larger displacements; the residual 
shear strength (McCartney et al., 2005). One of the most effective methods of improving peak 
and residual shear strengths at the geomembrane-soil interface is to use a textured 
geomembrane (Fleming et al., 2006) and the ability to reduce the likelihood of slip failure 
where steep angles are implemented is the main reason for texturing geomembranes. 
 
 
A wealth of literature is available for geomembranes and geotextiles interface behaviour 
(Jones and Dixon, 1998; McCartney et al., 2009; Bacas et al., 2015), all of which found that 
textured geomembrane-geotextile interfaces exhibit greater peak and residual shear strengths 
than that of smooth geomembrane-geotextile interfaces. Studies reporting the results of 
interactions between cohesive soils and geomembranes are more limited, but those that do 
(Fishman and Pal, 1994; Ling et al., 2001; Zabielska-Adamska, 2006) show a similar trend of 
higher peak and residual shear strengths for interfaces involving textured geomembranes. 
 
 
All previous data for both interfaces with geotextiles and cohesive soils suggests that 
textured geomembrane interfaces experience a far higher post-peak strength reduction than 
smooth geomembrane interfaces (Fishman and Pal, 1994; Jones and Dixon, 1998; Triplett and 
Fox, 2001), as witnessed in Figure 2.16. Jones & Dixon (1998) found this to be evident in 
concluding that smooth interfaces experienced 20-30% post-peak shear strength loss compared 
to a far higher degree of strain softening with textured interfaces of around 50% of peak shear 
strength. The cause of this increased loss in post-peak shear strength is due to texturing 
penetrating the soil and leaving an indentation along the surface of the soil; hence weakening 
the interface at higher displacements (Fishman and Pal, 1994; McCartney, et al., 2009). 
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Figure 2.16. Typical plot of shear stress vs. shear displacement for cohesive soil-
geomembrane interface (Fishman and Pal, 1994) 
Another common conclusion is that larger displacements are required to reach peak 
strengths for textured geomembrane interfaces than for smooth ones (Triplett and Fox, 2001). 
This is also the case for residual shear strengths, as proven by Jones and Dixon, (1998) who 
found that little further change in shear strength is evident beyond 40-50mm displacement for 
smooth geomembrane-geotextile interfaces but that for textured geomembrane-geotextile 
interfaces, reduction continues beyond displacements of 50mm. It is evident from Figure 2.16 
that similar behaviour exists when geomembranes are tested against cohesive soil rather than 
geotextile as both peak and residual shear strengths are witnessed at larger displacements for 
the textured geomembrane interface (Fishman & Pal, 1994). 
 
 Interface wear mechanism 
Wear is the process where the physical, mechanical and chemical characteristics of a 
material are altered during interactions with another material. When two materials are placed 
together they create an interface, these materials can either be discrete or a continuum. 
Discrete materials are made up of a number of elements, such as particles or fibres, which in 
this case are the geotextiles (Frost et al., 2002). Their behaviour is subject to their material 
properties of hardness and surface roughness, as well as their current state, such as void ratio 
and normal stress. With geomembrane/geotextile interfaces, the geomembrane is a continuum 
and the geotextile can be either a continuum or a discrete material (Frost et al., 2002). 
Generally a woven geotextile will behave as a continuum and a nonwoven geotextile, with its 
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filaments, will act as a discrete material. A number of different wear mechanisms can occur in 
geomembrane/ geotextile interfaces, the most common ones are described in more detail 
below (Frost et al., 2002): 
• Geotextile Filament Pull-out – The geomembrane texture, during the shearing 
process can rearrange the geotextile fibres to be in the direction of the shearing. 
Also the texture can pull out fibres from the geotextile, weakening its structure, 
thus losing interface shear strength. Due to the fact that the fibres are being pulled-
out, the hook and loop interaction process no longer has the desired effect. 
• Geomembrane Texture Removal – At higher normal stresses the asperities of the 
geomembrane can be removed or damaged, resulting in reduced interface shear 
strength. This is due to the friction properties of the geomembrane being reduced. 
• Geomembrane Surface Scarring – Some softer geomembranes can be scarred by 
harder materials, such as quartz sand and gravel, this can create a rough surface 
which increases the interface shear strength. This means that the interface can 
exhibit strain-hardening behaviour However, there is the risk of puncturing the 
geomembrane, and thus leakage may occur. 
• Filament Breakage – when interacting with geomembranes texture, the geotextiles 
filaments can break when subjected to high tensile stresses during the shearing 
process. 
Although the above examples show how the wear occurs in different interfaces, they have 
been observed, according to Frost et al., (2002), when performing controlled direct shear test. 
Geomembranes are used in many projects such as dams, heap leach pads, reservoirs and 
landfills for their excellent barrier abilities. However, in order for them to work as intended 
and to provide the necessary sealing between different layers, they have to remain intact and 
not suffer tears and punctures. This can occur during the construction process, when they are 
not protected and come into contact with coarse soil particles such as gravel, when the 
overburden static pressure is very high, during seismic activity, due to waste settlements, (Fox 
et al., 2014). 
Fox et al., (2014) studied the damage of a gravelly compacted clay liner (CCL) and a 
geosynthetic clay liner (GCL) has on a HDPE geomembrane when subjected to shear forces. 
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The experiment consisted in the direct shear testing of a 1.5 mm thickness, coextruded on one 
side HDPE geomembrane against a CCL and a CLG. The tests were performed using a large 
dimension (305 x 1067 mm) direct shear machine. A number of 20 tests were performed 
studying the damage that geomembranes suffer when subjected to static pressure and when 
subjected to shear forces. The normal load applied varied from 72kPa to 1658kPa in the case 
of CCL test and between 348kPa to 4145kPa in the case of the GCL (Fox et al., 2014). 
The results obtained showed that when performing the static tests, at low normal stresses 
there was no recorded damage on the geomembranes. However when subjected to higher 
normal stresses, due to the face that the clay inside the liner was more compacted and the 
gravel particles were pushed outside of the clay liner, damage was present in the form of 
indentations Fox et al., (2014).These results are consistent with the ones of Brachman and 
Sabir, (2010), who conducted a study on the puncture resistance of a HDPE 1.5mm thick 
geomembrane underlying a compacted clay liner under static conditions. Brachman and Sabir, 
(2010) performed the tests at very high normal stresses (2000kPa) and apart from some 
indentations which were present in the study of Fox et al., (2014), no puncture of the 
geomembrane was recorded. When considering the sharing stage of the experiment, Fox et 
al., (2014) found that the failure occurred at the interface between the geomembranes and the 
clay liner on top. 
Fox et al., (2014) states that currently in research and practice the testing of geosynthetic 
clay liners against geomembranes is done in smaller direct shear machines, that offer more 
lateral support to the geomembranes, the normal stress applied has lower values and the clay 
liners used are maintained flat with the help of a plate. However, there are some concerns 
with the dimension of the shear box used by Fox et al., (2014), such as the consistency of the 
test results and the variability of the input parameters. 
 Hook and Loop Interactions 
When the interface used is composed from a textured geomembrane and a geotextiles the 
hoop and loop interaction between the two materials contributes to a part of the total shear 
strength of the interface. In order to explain how this type of interaction behaves, an analogy 
can be made with Velcro, which can be seen in Figure 2.17, in which the hooks of the Velcro 
interact with the fibres of the geotextile 
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Figure 2.17 Velcro description: (a) the hooks and (b) the loops (Hebeler et al., 2005) 
According to Hebeler et al., (2005), this type of interaction has a greater impact at lower 
normal stresses due to the fact that at low normal stresses the geomembrane and geotextile are 
not that compacted as they would be at higher normal stress values. This phenomenon can be 
observed in Figure 2.18. 
 
Figure 2.18 – Interaction between a textured geomembrane and a non-woven needle 
punched geotextile (NWNP): at low normal stresses (left), and at high normal stresses (right) 
(Hebeler et al., 2005) 
At low normal stresses the hook and loop interaction at the geomembrane-geotextile 
interface is, according to Hebeler et al., (2005), based on the level of micro and mesotexture 
bonded to the surface of the macrotextural features, whereas at high normal stresses is based 
on the level bonded to the macrotexture and along the base substrate. 
 
 Influence of temperature on the interface 
Geosynthetics are made from polymeric materials and as such are inclined to suffer from 
temperature changes. During design, the temperature influence on the interface shear strength 
is not taken into consideration. However due to seasonal temperature changes the interface 
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shear strength may vary, thus creating a possible issue with the design (Karademir and Frost, 
2011). 
In the laboratory, when testing geomembrane-geotextile interfaces, usually the temperature 
is around 20°C. However, when used in field applications, these materials suffer changes in 
temperature. Karademir and Frost, (2011) conducted a literature search and found that 
temperature values vary from 0°C in the final cover of a landfill (Koerner and Koerner, 2006) 
to a maximum of 59°C above the base of the refuse in the landfill (Bleiker et al., 1995). This 
major temperature variations can cause unexpected failure at the interface, thus is important to 
be taken into account. 
Karademir and Frost, (2011) states that the mechanical properties of the polymers from 
which the geosynthetics are made, such as tensile strength, modulus and hardness, are 
affected by the temperature changes. Studies have shown that the tensile strength decreases 
with an increase in temperature (Budiman, 1993) and the stiffness lowers as the temperature 
rises (Lord et al., 1995). 
Akpinar and Benson, (2005) performed a study of the effect of the temperature on 
geomembrane-geotextile interfaces varying the temperature from 0°C to 33°C. The tests were 
performed at different normal stresses. The results showed that the interface shear strength 
increases as the temperature increases. This is in concordance with the study performed by 
Karademir and Frost, (2011), who reached the same conclusion.  
 
 Influence of geotextile constraint on interface behaviour  
A problem with how are geotextiles used in field applications, was highlighted by Kim and 
Frost, (2011), which stated that geotextiles, usually placed on top of the geomembranes, are 
subjected to high tensile stresses due to the weight of the soil on top during working life and 
due to the installation process. 
A conclusion that Kim and Frost, (2011) presents after studying the existing literature is 
that the failure of slopes constructed with geosynthetic liners, is occurring in a progressive 
manner and geotextiles are subjected to differential elongation.  
In a study by Kim and Frost, (2011) geotextile-geomembrane interfaces were tested in 
order to investigate the role of the geosynthetic constraint on shear behaviour at 
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geomembrane-geotextile interfaces. The device used for testing was a 102x102 mm2 shear 
box. Kim and Frost, (2011) states, that even if the shear box dimensions are small, there is no 
sufficient proof of the drawbacks of the shear box size in the literature. However, there are 
many studies such as Bemben and Schulze, (1998), Hsieh and Hsieh, (2003), Sia, (2007) and 
Swan, (2004) that show the issues that arise when using a small size shear box. The materials 
tested were smooth and textured geomembrane and four types of geotextiles with different 
thicknesses, mass densities and tensile strength. The tests were conducted covered a wide 
variety of normal stresses, varying from 10 to 400 kPa.  
The results showed that when testing unconstraint non-woven needle punched geotextile 
against a smooth geomembrane the interface friction decreases (Kim and Frost, 2011). The 
friction coefficient showed lower values for the tests performed at low normal stresses, 
whereas for higher normal stresses it maintained a constant value and it even increased with 
the increase in normal stress (Kim and Frost, 2011). 
When testing textured geomembranes against non-woven needle punched geotextiles, Kim 
and Frost, (2011) found that geotextile constraint increased the stiffness of the geotextile thus 
greatly increasing the interaction between the geotextile and the geomembrane. Failure has 
occurred in the geomembrane, the texture yielding or being removed (Kim and Frost, 2011). 
Kim and Frost, (2011) proved that when testing unconstrained geotextiles, the filament 
elongation and the deformation of geomembrane texture were the leading factors that altered 
the interface shear strength. When comparing with constrained geotextiles, unconstrained 
geotextiles showed different failure modes and notably resistance reduction which is, 
according to Kim and Frost, (2011), not too far from the in-situ behaviour.  
 
2.5 Interface shear testing 
To get the shear strength parameters of the interface needed to carry out the necessary 
design calculations, tests need to be carried to get the material properties. There are currently 
three different tests used to investigate geomembrane-soil and geomembrane-geotextile 
interfaces: 
• Direct shear test using the direct shear apparatus (DSA) 
• Torsional ring shear test  
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• Inclined plane shear test 
Testing of the geosynthetics can be divided in three levels, according to Floss and Bräu, 
(2004) as follows: 
• Index testing – Carried out following standard conditions, in order to compare the 
basic properties of the materials. 
• Quality control testing – These types of tests are generally done very rapidly in 
order to assure the quality of the materials. 
• Performance testing – Carried out in laboratories following standard conditions, 
usually involving testing of geosynthetic in contact with soils. Performance testing 
is usually done to have better and more appropriate to reality results than index 
testing. Can also be performed at full scale on site. 
 
 
 Testing devices 
 
 Direct Shear Apparatus (DSA) 
 
Direct shear testing is one of the most used devices for interface shear testing due to the 
fact that this method has been proved to give accurate result that can be used in design. Jones 
and Dixon, (2003) divided the direct shear testing into two categories from the DSA size point 
of view: index testing that comprises the smaller sizes of DSA (e.g. 60 x 60 mm2, 100 x 100 
mm2) and performance testing in which 300 x 300 mm2 and 300 x 400 mm2 size shear boxes 
were used. However, Stoewhase, (2002) and Dixon, (2010) made a comparison that showed 
the test apparatus size requirements of the each standard and the target scope of each standard, 
which are summarised in Table 2.1.  
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Table 2.1. Key elements of test standards (Stoewhase, 2002). 
Standard BS6906:1991 PrEN WI00189015/ 
BS EN ISO 12957-
1:2005 
ASTM D5321.92 GDA E 3-8 
Scope Index test + 
some guidance 
on performance 
testing 
Index test only Performance test Performance 
testing 
Test apparatus 
size 
DSA 
approximately 
300mm2 
DSA minimum shear 
area 300mm2 
DSA minimum 
shear area 300mm2 
DSA 
minimum 
shear area 
300mm2, for 
geosynthetics 
without 
surface area 
and fine 
grained soil 
100mm2 
 
Figure 2.19 presents the typical direct shear apparatus comprised of a lower box which is 
moveable and the upper box which is fixed. On top of the upper box a pressure cell is placed 
that applies the load. The geotextile is clamped to the top box whereas the geomembrane can 
be either glued or clamped to the bottom box. The displacement is made with the help of a 
motor that has the possibility of changing gears in order to ensure that the displacement rate 
can be varied.  
 
Figure 2.19 – Typical DSA details (Jones and Dixon, 2003)  
Vangla and Gali, (2016) states that even if this device is one of the most widely used in 
testing geosynthetic interfaces, one of the most significant drawback that this device presents 
is that stresses and strains on the shearing plane are non-uniform, this issue leads to 
progressive failures within the sample.  
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 Ring Shear Apparatus  
Compared with the direct shear apparatus and the inclined plane apparatus, the torsional 
ring shear apparatus has a major advantage when considering the displacement distance. This 
device has the possibility of applying unlimited amounts of displacement in one direction and 
allows for the a more accurate approximation of the residual strength (Stark and Poeppel, 
1994).  
Stark and Poeppel, (1994) present other advantages of the ring shear apparatus such as: 
• Continuous shear displacement along the same interface. 
• Constant area during shearing. 
• Smaller specimen in comparison with the other two types of shear testing devices 
that gives more control over the compaction conditions in the case of soil testing 
and more control over the geosynthetics fixation. 
• Small amount of laboratory supervision due to the fact that there is no need of 
reversing the shear box. 
However, using the torsional ring shear apparatus has some drawbacks. The small 
specimen size, even if has the advantage mentioned earlier, affects the materials that show 
high anisotropy (Stark and Poeppel, 1994). Also there is a significant discrepancy between 
how the shearing occurs on site and how the shearing is induced with this apparatus, due to 
the fact that the shearing is done in a circular manner in the torsional ring shear apparatus, 
whereas on site the shearing occurs in one direction and not circularly.  
The most common torsional ring shear apparatus is the Bromhead which was developed by 
Bromhead, (1979). The usual dimensions of the samples are 70 mm for the inner diameter and 
100 mm for the outer diameter. The samples are confined radially between concentric rings 
(Stark and Poeppel, 1994). 
The original use of the torsional ring shear apparatus was for testing clay samples in order 
to obtain the residual stress values (Bromhead, 1979). However, Stark and Poeppel, (1994) 
and Stark et al., (1996) used the torsional ring shear device to assess the residual shear 
strength of cohesive soils, of clay-geosynthetic interfaces and of geosynthetic-geosynthetic 
interfaces (Tan et al., 1998). 
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Figure 2.20 - Ring shear devices: right side - solid ring shear device with the shear zone at 
the bottom of the specimen (current design); left side – solid ring shear device with the shear 
zone at the top of the specimen (Bromhead design) (Sadrekarimi and Olson, 2009). 
 
 
Figure 2.20 presents the mechanism of the torsional ring shear device after 2 designs: on 
the left had side the original design of the ring shear apparatus which is still used and on the 
right hand side the modification that Bromhead made to the apparatus. The difference 
between these two devices is the location of the shear zone which as it can be seen from 
Figure 2.20, it is above the soil sample for the classic design and below the soil sample for the 
Bromhead design. 
 
 Inclined Plane Apparatus 
As the direct shear apparatus and the torsional ring device, the inclined plane apparatus is a 
device used for the characterisation of the interface shear strength. However, this test, 
compared with the direct shear one, can simulate better the field conditions of banks of 
reservoirs, lined canals and containment facilities covers, due to the fact that the test is carried 
out under low normal stress which are found in the afore mentioned cases (Pitanga et al., 
(2009). The common inclined plane apparatus can be seen in Figure 2.21. 
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Figure 2.21 - Inclined plane testing device (Pitanga et al., 2009) 
A drawback of using an inclined plane apparatus for shear strength characterisation is the 
fact the displacement is restricted to the length of the table and it is impossible to obtain the 
displacement velocity of the top box during sliding (Pitanga et al., 2009). 
Pitanga et al., (2009) shows that the inclined plane test presents two ways in which the 
sliding of the top box is occurring: 
• Sudden sliding – in which the upper box is displacing without any notice  
• Gradual sliding – in which the top box is displaced gradually with the rising of the 
table 
A comparison between the direct shear box test and the inclined plane test should not be 
made due to the fact that the two test have different mechanics and different conditions, 
however Pitanga et al., (2009) correlates the sudden and gradual sliding of the top box with 
the hardening and strain softening behaviour observed in the direct shear tests. 
  Interface shear strength variability 
The presence of shear strength variability has been of interest and was studied by many 
researchers (Dixon et al., 2006; McCartney et al., 2004; Sabatini et al., 2002) which 
discovered that is very important to quantify this variability of the interface shear strength. 
Criley and Saint John, (1997) and McCartney et al., (2004) studied and showed the results of 
shear strength variability for different interfaces, while Dixon et al., (2006) compiled a 
number of databases for shear strengths and divided then into generic interfaces using 
information gathered from literature and reports. These databases can be used to develop 
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statistical information for landfill designs. During the past decades, researchers have 
considered different trends in shear strength results based of their test conditions, this leading 
to a high degree of variability in the existing databases (Sia, 2007) 
 Interface direct shear test setup and conditions 
The most common devices that are used in practice to obtain the interface shear strength 
are the following: direct shear apparatus (DSA), the torsional ring shear apparatus and the 
inclined plane or tilting table. The DSA is the most used device due to the fact that the usage 
instructions are easy to follow, and are well established and recommended in the ASTM 
D5321-02. Figure 2.22 shows the common DSA test setup, while Figure 2.23 shows the 
parameters that need to be controlled in order to obtain results with low variability (Sia, 2007) 
 
Figure 2.22 – DSA common test setup with (a) horizontally supported, and (b) completely 
fixed, upper boxes for soil-geosynthetic interface friction (Sia, 2007) 
 
Figure 2.23 – Setup and conditions of direct shear test (Sia, 2007) 
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 DSA size 
 
One of the parameters that is controlling the outcome of the direct shear test is the DSA 
size. Typical shear box sizes are 100 x 100 mm2, 200 x 200 mm2, 300 x 300 mm2 and 400 x 
400 mm2  (Hsieh and Hsieh, 2003). However, the most used size is the 300 x 300 mm2 having 
the upper box fixed and the longer movable box (Bemben and Schulze, 1998; Jones and 
Dixon, 1998; Sabatini et al., 2002; Stoewhase, 2002). This size is the most used due to the 
fact that, a small area such as 102 x 102 mm2 is too small to produce accurate results, while 
the 457 x 457 mm2 is considered to be too large to be controllable (Sia, 2007)  
 
Hsieh and Hsieh, (2003) stated that when testing a smooth GM-sand interface using a large 
area DSA, higher shear strengths are produced. However, Swan, (2004) concluded that the 
measured shear strength decreases with an increase in shear box size, this phenomenon being 
most present when testing textured GM and thick non-woven GT. The authors also found that 
the distribution of the normal stress on the shear area was not uniform in small shear boxes. 
Bemben and Schulze, (1998) stated that the DSA size has no effect on the ratio between the 
peak and the residual stress when the initial conditions (sand layer thickness in the upper 
shear box and the gap distance between the top and bottom box are set properly) are not 
varied. 
 
 Upper box fixation 
Usually, the common DSA has a moveable lower box, and either a completely fixed or 
horizontally supported top box (Sia, 2007). Figure 2.24a shows the movements that the 
loading plate and the top box are subjected to in the case of the horizontally supported upper 
box. In the completely fixed upper box setup, the loading plate is subjected only to small 
rotating moments, while the top box is restricted from movements. The rotation of the loading 
plate and upper box are related with the way the normal stress is applied, in which case no 
strain-softening interface behaviour can occur (Sia, 2007). 
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Figure 2.24 – Interaction forces, stresses and deformations occurring in (a) Horizontally 
supported upper box, and (b) completely fixed upper box (after Wernick, 1979) 
Blumel and Brummermann, (1996) stated that the effect of the top box fixation was only 
influencing the test in which interfaces between geosynthetics and soil. Stoewhase, (2002) 
conducted direct shear test on a modified DSA, which allowed the vertical movement of the 
upper box. The result of the test performed with this device showed constant values which 
were concordance with triaxial test results (Stoewhase, 2002) 
 
 Geosynthetic fixation 
Three types of DSA were presented by Takasumi et al., (1991) shown in Figure 2.25. In 
the fixed shear test the geosynthetic is glued or clamped to the bottom box, however, the 
material is not allowed to strain or elongate during the test (Takasumi et al., 1991). In the 
partially fixed box the geosynthetic is attached to the lower box, where as in the third type of 
DSA the geosynthetic is free. Blumel and Brummermann, (1996) studied the effects of 
different methods of geosynthetic fixing methods (e.g. gluing and clamping) and found that 
the shear stresses of the test in which the geotextiles were clamped were smaller than the test 
in which glue was used for fixing the geotextiles. However the results were not consistent. 
The tests in which the geomembrane were glued and tested against clay, gave lower shear 
stress results, when comparing them to the clamped geomembrane samples (Blumel and 
Brummermann, 1996) 
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Figure 2.25 – Direct shear interface test apparatus types (after Takasumi et al., 1991) 
In order to avoid the stretching and wrinkling of the geotextile during testing, Lee & 
Manjunath, (2000) advised using a rigid block in the lower box of the DSA and using high 
friction plates for the geosynthetic fixation. 
 Loading plate type 
An important factor in controlling the outcome of the direct shear test is the way the 
applied normal load is transferred at the interface. The normal load is applied with the help of 
weights, hydraulic jacks and hydraulic or pneumatic bellows. Usually the normal load is 
transferred to the shear area, by means of some plates. These loading plates can be either rigid 
or flexible. 
Hsieh and Hsieh, (2003), recommended, that when performing direst shear tests on large 
DSA, a flexible loading plate could be used as through this type of plate the pressure 
distribution at the interface is more uniform, and the test data can be reproduced with a greater 
accuracy that using a rigid loading plate. 
 
 Soil sample thickness 
Hsieh and Hsieh, (2003) stated that in order to obtain the necessary vertical friction 
stresses at the inner walls of the upper box it is important that the soil thickness is adequate, 
as these stresses act to resist the dead weight of the box and ensure that the gap between the 
top and bottom box is maintained in the case of horizontally supported upper box. Also, they 
have the role of reducing the rotation of the loading plates, and the reproduction of the normal 
load at the interface in the case of completely free upper shear box or vertically movable top 
box. 
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Bemben and Schulze, (1998) studied the effect of the soil sample thickness in a series of 
tests involving a geomembrane sand interface. They have found that for this particular 
interface, the minimum thickness of the sand layer depends on the largest sand particle, 
whereas the maximum thickness relies on the roughness of the inner walls of the upper box 
and the volume change of the sand during shearing. 
Dixon and Jones, (2003) observed that the when the soil sample thickness was lower than 
50mm, the loading plate was rotating excessively, thus no peak strength values were observed 
during testing. Furthermore they stated that when testing non-cohesive soil samples a 
minimum thickness of 50mm is sufficient in order to avoid the issues with the loading plates. 
Also, when testing cohesive soils such as clay, the minimum thickness can be reduced to 
30mm for minimizing the consolidation time of drained tests. 
 Superstrates/substrates 
Superstrates and substrates play a major role within the upper and lower shear boxes of the 
direct DSA. They help to mitigate the stretching of geotextile that is attached at the shear 
plane. Stretching of the geotextile usually occurs when the shear forces between the substrate 
or superstrate materials and the geosynthetic are lower than the shear forces at the interface 
between the geosynthetic and geotextile (Blümel et al., 2000). Also, the material type of the 
superstrate, plays an important role in the shape of the shear stress-displacement curve as 
shown by Jones and Dixon, (1998). 
 
 Gap distance between upper and bottom boxes 
In order to ensure that the normal load is applied effectively to the shearing plane a gap 
between the upper and the bottom box has to be set. Bemben and Schulze, (1998) studied the 
effect of the gap size using a horizontally fixed upper shear box, and found that when using a 
small gap size the measured peak and residual shear stresses were higher than when using a 
larger distance between the boxes. They also showed that the gap distance provided by the 
ASTM-5321, (2012) which was minimum of D85, was too small for interface shear testing. 
Dixon and Jones, (2003), advised that for a completely fixed upper shear box of 300 x 300 
mm2 the minimum size for the gap should be 0.5 mm. The DSA test standards propose 
different distances for the gap between the top and bottom box of the DSA. Dixon, (2010) 
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highlighted the difference between the requirements of each standard regarding the minimum 
gap distance. These requirements are present in Table 2.2. 
 
 
Table 2.2 – Gap size and maximum particle size for different standards (Dixon, 2010) 
Standard BS6906:1991 BS EN ISO 
12957-1:2005 
ASTM 
D5321.08  
GDA E3-8 
Maximum 
particle size and 
Gap size 
(top/bottom 
base) 
Sand vs. geosyn. 
(index) not 
specified. 
Soil vs geosyn 
(performance) 
gap is d85/2 or 
1mm for fine 
graineds soils. 
Maximum 
particle size < 
1.8th box depth 
Maximum 
particle size not 
applicable 
Gap size = 
0.5mm 
Maximum 
particle size < 
1/6th box depth. 
Gap large 
enough to 
prevent friction 
between parts of 
the box but 
small enough to 
prevent soil 
entering the gap 
Maximum 
particle size 
d85<1/15
th of 
box length. 
Gap size is 
depending on 
the test 
materials and 
has to be chosen 
so that there 
cannot develop 
additional 
normal forces 
by the frame and 
secondary 
friction planes; 
chosen gap size 
has to be 
reported 
 
2.6 Digital imaging 
Digital imaging (Optical Microscope, Scanning Electron Microscope, Atomic Force 
Microscope etc.) has been used by researchers as means of qualitative analysis and visual 
inspection of sheared samples during recent years (Stark et al., 1996; Hebeler et al., 2005; 
Bacas et al., 2015). Stark et al., (1996) used a scanning electron microscope to illustrate how 
the fibre orientation changed after shearing, however this techniques was used as qualitative 
analysis without any significant measurements being obtained. Bacas et al., (2015) used 
scanning electon microscopy technicques to show virgin material, thus using digital imagin 
techniques as visual analysis rather than quantitative analysis. 
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Dove et al., (1996) used atomic force microscopy to evaluate the surface characteristics of 
geomembranes by surface roughness measurements. The same author describes surface 
topography using peaks, valleys, side slopes and vertical relief between peaks and valleys 
terminology as shown in Figure 2.26.  
 
Figure 2.26. Terminology used to describe surface topography (Dove et al., 1996) 
Dove et al., (1996) shows a range of instrument which are commonly used for the 
determination of geomembrane surface roughens, presented in Figure 2.27. 
 
Figure 2.27. Devices used for measuring surface topography and their resolution range 
(Dove et al., 1996). 
However, all these devices are suitable for geomembrane texture which have vertical relief 
within the ranges presented in Figure 2.27. The geomembranes which have textures that 
require high magnification are usually manufacture by coextrusion and impingement as show 
in Section 2.3.1. 
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Analysing the surface topography using roughness parameters is, however, dependent on 
specific applications and according to Ward, (1982, Chapter 4) as there are approximately 23 
international standards for measuring surface roughness. Dove et al., (1996) states that “for 
geosynthetics applications, the parameter(s) which correlate with field performance have not 
been determined”. This shows that surface roughness analysis can be used for determining 
surface topography for smooth and textured geomembranes, however careful consideration 
should be taken when drawing conclusions due to the multitude of standards and methods for 
determining surface roughness. 
2.7 Rapid Prototyping  
Rapid prototyping (RP) has long been used in engineering for conceptual models (Burns, 
1993) and has been shown to greatly reduce the design-manufacturing cycle time; hence 
reducing the cost of the product (Gibson and Shi, 1997). Many commercial RP systems exist 
including stereo-lithography, laminated object manufacturing and 3D printing, but the one 
most widely used is selective laser sintering (SLS) due to its ‘suitability to process almost any 
material’ (Kruth et al., 2003). 
 Selective Laser Sintering  
Selective Laser Sintering (SLS) is a process that solidifies successive layers of powder 
material on top of each other, allowing the formation of complex 3D objects; achieved by 
heating up selective parts of the powder to its sintering temperature with a laser beam (Kruth, 
1991; Fowmes et al., 2017) Sintering of the powder occurs as the grain viscosity drops with 
temperature; thereby, causing the surface tensions to be overcome and creating an artificial 
knitting of the grains without full melting (Kruth, 1991). Scanning mirrors control the 
process, ensuring the laser beam scans each layer according to the corresponding cross section 
in a CAD or stereo-lithography file(Kruth et al., 2003; Goodridge et al., 2012; Fowmes et al., 
2017). The powder supply system deposits thin layers of the powder in a building container 
before that layer is sintered and the process repeats itself until the entire object has been 
constructed. The powder that has not been sintered in each layer remains in place to support 
the next layer of powder or possible overhangs of the product and is removed, in this case 
with compressed air, on completion of the sintering process to reveal the final 3D object 
(Kruth et al., 2003). 
LS has the ability to produce products with a wide range of materials. These materials 
include polycarbonate (PC), nylon, wax, ceramic and metal-polymer powders (Gibson and 
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Shi, 1997; Fowmes et al., 2017). The most widely applied material in SLS and the most 
popular two used are amorphous polycarbonate (PC) and semi-crystalline polyamide (PA) 
(Schmid et al., 2014; Fowmes et al., 2017). While amorphous polymers produce parts with 
good accuracy, resolution and surface finish, they are only partially consolidated, therefore, 
are not suitable where strength and durability are key properties required (Kruth et al., 2003; 
Fowmes et al., 2017). Semi-crystalline polymers such as PA, on the other hand, can be 
sintered to fully dense parts that make them suited to prototypes where high strength is 
required (Gibson and Shi, 1997; Fowmes et al., 2017). One concern of using PA polymers is 
that shrinkage of the grains during sintering can cause build accuracy and surface finish to be 
compromised (Kruth et al., 2003; Fowmes et al., 2017), however, the development of new 
grades of nylon powders in recent years has minimised this and led to the success of 
polyamide 12 (PA12) as the most common currently used in the SLS process (Schmid et al., 
2014; Fowmes et al., 2017).  
In order to be effective in the SLS process, a polymer must fulfil certain fundamental 
properties. Schmid et al., (2014) categorises these properties into powder and particle; 
extrinsic that can be controlled by production, and thermal, optical and rheological molecular 
behaviour; intrinsic that cannot be easily influenced. The powder itself has to have an 
appropriate particle size distribution (PSD) to be effective, preferably between 20-80μm, and 
contain a low proportion of small particles, which induce greater adhesion and reduce flow of 
the powder (Schmid et al., 2014; Fowmes et al., 2017). Secondly, the particles used should be 
rounded in nature to further enhance the free-flowing behaviour of the powder. This will 
achieve better powder density, therefore, better density of the final build (Schmid et al., 2014; 
Fowmes et al., 2017). In terms of intrinsic molecular behaviour, the thermal properties are 
extremely important because the polymer must have a sufficient sintering window between 
melting and crystallisation so that it can be held within this temperature range whilst several 
layers are sintered in order to provide good adhesion of the particles to previous layers 
(Schmid et al., 2014; Fowmes et al., 2017). The melting temperature of PA12 is often in the 
region of around 175°C (Jollivet et al., 2009) so the powder is heated to just below this 
temperature to ensure no melting of the particles occurs while crystallisation does. Optical 
properties are required to allow the powder to absorb energy at the laser wave length, 
however, an increase in laser power can compensate for poor absorption meaning this is less 
critical in choosing a polymer (Schmid et al., 2014; Fowmes et al., 2017). Finally, rheological 
properties are critical as low viscosity and surface tension are required to generate sufficient 
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coalescence of the polymer particles (Schmid et al., 2014; Fowmes et al., 2017). Clearly these 
fundamental properties play a vital role in determining the mechanical properties of the 
finished build and should be considered carefully when attempting to prototype geosynthetics 
using the SLS method. The slice thickness is the depth which the powder bed lowers for each 
layer, and usually has a lower bound of around 0.07mm (Gibson and Shi, 1997; Fowmes et 
al., 2017). Small slice thickness reduces surface roughness, increases the dimensional 
accuracy of the build, but will increase the build time (Goodridge et al., 2012). 
 Fused Filament Fabrication 
Fused Filament Fabrication (FFF), which is often used synonymously with 3D printing, 
involves the extrusion of molten polymeric filament such that the printed structure is built up 
in layers (Fowmes et al., 2017). The technique utilises cheap and readily available equipment, 
thus allowing rapid take up of the technology by researchers and manufacturers. However, the 
layer by layer build up results in heterogeneous strength and the likelihood of delamination 
between layers (Fowmes et al., 2016). This problem is further exacerbated when using 
textured geomembranes as the texturing is easily removed from the sheet along the internal 
structural laminations requiring the use of inclined or vertical build orientations (Figure 2.28). 
 
Figure 2.28. Printing of geosynthetics in layers parallel to the sheet and perpendicular to 
the sheet (after Fowmes et al., 2016) 
 
FFF typically utilises Polylactic Acid (PLA) or Acrylonitrile Butadiene Styrene (ABS), 
with the latter requiring higher print temperatures and having a greater tendency to shrink on 
cooling (Fowmes et al., 2017). Whilst ideally model geomembranes would utilise High 
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Density Polyethylene (HDPE) and Polypropylene (PP), these materials are problematic to 
print due to their thermal, rheological and chemical properties leading to them having a 
tendency to deform, peel and delaminate (Baechler et al., 2013; Fowmes et al., 2017) 
2.8 Summary 
 
The literature review presented in this chapter focused on topics that are relevant for the 
work presented in the following chapters. There was found a need for a deeper understanding 
of shear strength behaviour of geosynthetic-geosynthetic and geosynthetic-soil interfaces, as 
shear strength is the dominant parameter when considering the stability of geosynthetic lining 
systems. Particularly the behaviour of structured geomembranes during shearing against 
geotextiles and soils was of interest as the literature review showed limited information 
regarding the behaviour of these geomembranes. Also there is a dearth of information 
regarding the wear of textured geomembranes during shearing. This is a critical aspect as 
wear is a contributing factor for the post-peak shear strength reduction, which can potentially 
lead to instability of interfaces. 
To study interface shear strength behaviour, various laboratory methods exist of creating 
sheared interfaces such as direct shear apparatus, inclined plane apparatus and ring shear 
apparatus, as presented in Section 2.5.1. However the review showed the direct shear 
apparatus is the most used device in creating sheared interfaces as variability can be easily 
controlled thus repeatability of results can be easily achieved and also this device in an 
accurate tool for obtaining design values.  
The literature search has shown that, apart from surface roughness measurements there is a 
dearth of information of alternative methods to quantify geomembrane surface characteristics 
and changes that occur during and after shearing. Digital imaging techniques were scarcely 
found throughout the literature as qualitative methods for analysing wear and deformation of 
geomembranes.  
As such this research will attempt to create a method for surface characterization of 
structured geomembrane subjected to shear and quantify the wear induced by shearing, using 
various digital imaging techniques. 
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CHAPTER 3  
METHODOLOGY 
3.1  Introduction 
This chapter presents the development of the approaches used to fulfil the research 
Objectives set in Chapter 2. To address the objectives, a quantitative approach (Fellows and 
Liu, 2015) was employed in the analysis of samples before and after direct shear testing. 
Specifically, the samples required for analysis are sheared textured geomembranes which will 
be analysed using various digital imaging techniques in order to assess the texture 
deformation. The research map is shown in Figure 3.1 in which the actions taken to fulfil the 
objectives were taken. 
 
Figure 3.1. Research map 
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The literature review (Chapter 2, Section 2.5) showed that geomembrane-geotextile and 
geomembrane-soil interfaces textured have been studied extensively in the past (Koutsourais 
et al., 1991;Vaid and Rinne, 1995; Stark et al., 1996; Jones and Dixon, 1998; Hebeler et al., 
2005; Bergado et al., 2006; Pitanga et al., 2009). However, limited knowledge was identified 
in the understanding of the changes in geomembrane surface morphology during shear and 
the influence it has on the peak shear strength mobilisation and the post-peak shear strength 
reduction. Understanding these changes, will allow the industry to develop new and improved 
surface texturing patterns, which will improve both the peak and post-peak interface shear 
strength.  
In order to collect the data required to meet the Objective 4, the author has used two main 
methods: Direct Shear Testing and Digital Imaging. The literature showed that Direct Shear 
Testing was the main interface testing method used in the last three decades (Koerner et al., 
1986; Fishman and Pal, 1994; Stark et al., 1996; Sia and Dixon, 2007; Bacas et al., 2015; 
Wasti and Bahadır Özdüzgün, 2001) and digital imaging started being used by researchers to 
analyse changes in surface morphology and roughness (Stark et al., 1996; Dove et al., 1996; 
Dove and Frost, 1996; Bacas et al., 2015; Yesiller and Cekic, 2005; Vangla and Gali, 2014). 
However, the studies in which digital imaging was used, presented limitations as they are not 
used to study samples before and after shearing, and are only used as visual analysis 
techniques, without producing data showing wear. This study will analyse samples pre and 
post shear using digital imaging techniques (Section 3.6), developing parameters that will aid 
in quantifying the wear on the geomembranes texture. 
The objectives required to fulfil the aim of this research presented in Chapter 2 were met 
following well-defined actions and decisions presented below: 
• RO1 Developing a sampling technique and protocol for pre and post sheared 
geosynthetic materials – To obtain undamaged and repeatable samples for testing 
and analysis, careful consideration was taken with regard to the techniques used for 
creating samples and also storage before and after testing. This has been addressed 
firstly by reviewing the literature and finding methods used by other researchers for 
sampling and storage of samples. The techniques developed used involved using of 
tools for cutting samples to size, storage in temperature controlled room pre and 
post shear and careful manipulation of sheared samples in order to minimize the 
human damage induced storage and transportation. 
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• RO2 Develop quantification methods for surface wear on geosynthetic interfaces 
- The novelty of this research is that it studied the same part of the texture pre and 
post shear. In order to achieve this, geometrical surface parameters were defined 
that gave information regarding the surface changes on the geomembranes. This 
was achieved by software interrogation of digital images obtained by 3D profiling 
techniques (Chapter 3, Section 3.6).  
• RO3 Quantify the variability of geometrical characteristics for geomembrane 
textures – Studying the original geometric configuration and variability of 
geomembrane textures pre shear was of great importance as this could influence the 
post shear results. The literature review showed that there is a lack of knowledge in 
this area, thus this study was a significant part of the research. This was done by 
means of Optical Microscopy, Scanning Electron Microscopy and 3D profiling 
techniques, after which post processing of data was performed. 
• RO4 Quantify the surface changes occurring during wear of geosynthetic 
interfaces at a range of normal stresses – Following the development of the 
quantification method in RO3, post shear samples were analysed to assess the 
surface changes during shearing that geomembranes develop. This was done for a 
wide range of normal stresses that replicated different real life conditions. To 
validate the 3D profile analyses, qualitative analysis was performed using SEM that 
showed the extent of the wear in images. 
• RO5 Propose improvements to geomembrane texturing to better resist wear – 
After careful analysis of the data obtained from sheared samples, a different 
approach was taken for proposing new texture patterns that could improve 
geomembranes interface shear strength and to better withstand wear. This was done 
by means of Laser Ablation techniques and Laser Sintering prototyping in which 
new texture patters were created.  
The Objectives presented above, and the actions taken to fulfil them can be observed also 
in Figure 3.1. It should be mention that the Research Objectives met by the work performed 
will be highlighted throughout this chapter. 
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3.2 Materials 
The main focus of this study is to examine the post shear wear of the geomembrane 
texturing. In order to obtain samples for analysis, textured geomembrane and non-woven 
needle punched geotextile were chosen as they are commonly used in the industry throughout 
the world in a variety of engineering projects such as liquid or vapour barrier for reservoirs, 
dams, heap leach pads and waste containment facilities (Fox et al., 2014). The materials used 
were as follows and are described in more detail in Section 3.2.3: 
• Geomembranes – one smooth geomembrane (SGM) and three textured 
geomembranes (GM1, GM2 and GM3). 
• Geotextiles – non-woven needle punched geotextile of two different thicknesses 
(GT1 and GT2). 
• Soils – two types of soils, Leighton Buzzard Sand (LBS) and Mercia Mudstone 
Clay (MM). 
 Geomembranes 
Three types of textured geomembranes and one smooth geomembrane were selected for 
this project. Textured geomembrane are used to provide enhanced interface friction between 
the geomembrane and the soil (Triplett and Fox, 2001; Shukla and Yin, 2006;Koerner, 2012; 
Manheim et al., 2015). The most common methods to creating texturing on a geomembrane 
are: co-extrusion, impingement and structuring. Co-extrusion is the most common method 
used for creating texturing (Koerner, 2012), however, is was found that after this process, the 
surface of the geomembrane is covered in small craters that create very coarse and rough 
surface (Müller, 2007). The second method, impingement, uses a spraying technique in which 
the texturing is applied on the geomembrane, however Müller, (2007), stated that this process 
causes irregular texturing on the geomembrane. The last technique of texturing mentioned, 
structuring, uses and extrusion process through which the texture is applied on the 
geomembrane. Ivy, (2003), states that this technique is used when precise texture height and 
spacing is needed, as the other methods of texturing are giving a high degree of variability 
throughout the geomembranes texture. Comparing co-extrusion and impingement texturing 
techniques with the structuring technique, it can be observed that the texture pattern depends 
on the manufacturing process in the first two techniques, whereas with the structuring 
technique, the texture can have any pattern. This is the reason that it was decided to study 
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textured geomembranes that were manufactured with the structuring technique as it offers the 
possibility of designing new textures which can be project specific.  
GM1 is a HDPE geomembrane having a 2 mm thick smooth base (ASTM D5994-10, 
2015), with a 0.9 mm high spike-like asperity (ASTM D7466-10, 2015) and 1 mm in 
diameter, having a tensile strength at yield of 30 kN/m (ASTM D6693-04, 2015) and density 
of 0.942 g/cm3 (ASTM D1505-10)(Figure 3.2). All the properties of this geomembrane are 
listed in Table 3.1. 
 
Figure 3.2. Image presenting the texturing of geomembrane 1 (GM1) 
Table 3.1. GM1 material properties 
Property Test Method 
(Standard) 
Unit Value 
Thickness ASTM D5994-10, 2015 mm 2 
Width n/a m 5.1 
Asperity height ASTM D7466-10, 2015  mm 1.0 
Density ASTM D1505-10, 2010 g/cm3 0.942 
Tensile strength at 
yield 
ASTM D6693-04, 2015 kN/m 30 
Elongation at yield ASTM D6693-04, 2015 % 12 
Tensile strength at 
break 
ASTM D6693-04, 2015 kN 32 
Elongation at break ASTM D6693-04, 2015 % 300 
Tear resistance ASTM D1004-13, 2013 N 280 
Puncture resistance ASTM D4833-07, 2013 N 700 
Carbon black content ASTM D1603-14, 2014 % 2-3 
Oxidative Induction 
Time (OIT) 
ASTM D3895-14, 2014 min 100 
(data sourced from manufacturer qauility assurance data) 
GM2 is an HDPE geomembrane having a 2 mm thick base (ASTM D5994-10, 2015) with 
base texture (created by the manufacturing process), a 1 mm high spike-like asperity (ASTM 
D7466-10, 2015) and 1.5 mm in diameter, having a tensile strength at yield of 30 kN/m 
Asperities 
Base sheet (smooth) 
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(ASTM D6693-04, 2015) and density of 0.942 g/cm3 (ASTM D1505-10) (Figure 3.3). All the 
properties of this geomembrane are listed in Table 3.2. 
 
Figure 3.3. Image presenting the texturing of geomembrane 2 (GM2) 
Table 3.2. GM2 material properties 
Property Test Method 
(Standard) 
Unit Value 
Thickness ASTM D5994-10, 2015 mm 2 
Width n/a m 5.1 
Asperity height ASTM D7466-10, 2015  mm 1.3 
Density ASTM D1505-10, 2010 g/cm3 0.942 
Tensile strength at 
yield 
ASTM D6693-04, 2015 kN/m 30 
Elongation at yield ASTM D6693-04, 2015 % 12 
Tensile strength at 
break 
ASTM D6693-04, 2015 kN 32 
Elongation at break ASTM D6693-04, 2015 % 300 
Tear resistance ASTM D1004-13, 2013 N 280 
Puncture resistance ASTM D4833-07, 2013 N 700 
Carbon black content ASTM D1603-14, 2014 % 2-3 
Oxidative Induction 
Time (OIT) 
ASTM D3895-14, 2014 min 100 
 
Although it seems that GM1 and GM2 are different only from the asperity height point of 
view, there is a significant difference in the smoothness of the membrane sheet. This 
difference comes from the manufacturing process (this information was given by the 
manufacturer). However, the smoothness does not affect the shear strength as it does not 
present rough features like a Sprayed or Coextruded geomembrane has. 
GM3 3 is an HDPE geomembrane having a 2.5 mm thick base (ASTM D5994-10, 2015) 
with base texture (created by the manufacturing process), a 1.8 mm high spike-like asperity 
Asperities Base sheet (rough) 
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(ASTM D7466-10, 2015) and 1.2 mm in diameter, having a tensile strength at yield of 30.8 
kN/m (ASTM D6693-04, 2015) and density of 0.94 g/cm3 (ASTM D1505-10) (Figure 3.4). 
All the properties of this geomembrane are listed in Table 3.3 Table 3.3. 
 
 
Figure 3.4. Image presenting the texturing of geomembrane 3 (GM3) 
Table 3.3. GM3 material properties (manufacturer product sheet) 
Property Test Method 
(Standard) 
Unit Value 
Thickness ASTM D5994-10, 2015 mm 2.5 
Width n/a m 5.1 
Asperity height ASTM D7466-10, 2015  mm 1.8 
Density ASTM D1505-10, 2010 g/cm3 0.92 
Tensile strength at 
yield 
ASTM D6693-04, 2015 kN/m 30.8 
Elongation at yield ASTM D6693-04, 2015 % 13 
Tensile strength at 
break 
ASTM D6693-04, 2015 kN 30.8 
Elongation at break ASTM D6693-04, 2015 % 350 
Tear resistance ASTM D1004-13, 2013 N 267 
Puncture resistance ASTM D4833-07, 2013 N 667 
Carbon black content ASTM D1603-14, 2014 % 2-3 
Oxidative Induction 
Time (OIT) 
ASTM D3895-14, 2014 min 140 
 
GM4 is an HDPE smooth geomembrane HDPE geomembrane having a 2 mm thick base 
(ASTM D5994-10, 2015) having a tensile strength at yield of 30 kN/m (ASTM D6693-04, 
2015) and density of 0.942 g/cm3 (ASTM D1505-10). All the properties of this geomembrane 
are listed in Table 3.4. 
Asperities 
Base sheet (rough) 
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Table 3.4. GM4 material properties (manufacturer product sheet) 
Property Test Method 
(Standard) 
Unit Value 
Thickness ASTM D5994-10, 2015 mm 2 
Width n/a m 5.1 
Density ASTM D1505-10, 2010 g/cm3 0.942 
Tensile strength at 
yield 
ASTM D6693-04, 2015 kN/m 30 
Elongation at yield ASTM D6693-04, 2015 % 12 
Tensile strength at 
break 
ASTM D6693-04, 2015 kN 32 
Elongation at break ASTM D6693-04, 2015 % 300 
Tear resistance ASTM D1004-13, 2013 N 280 
Puncture resistance ASTM D4833-07, 2013 N 700 
Carbon black content ASTM D1603-14, 2014 % 2-3 
Oxidative Induction 
Time (OIT) 
ASTM D3895-14, 2014 min 100 
 
 Geotextiles 
Geomembrane-geotextile interfaces are typical of protection applications, (Karademir and 
Frost, 2011; Lee and Manjunath, 2000; Hebeler et al., 2005), as such geotextile were selected 
to form together with the geomembrane interfaces that will be tested. 
Two types of geotextile were used, both being non-woven needle punched:  
• Geotextile 1 (GT1) – NWNP geotextile with a thickness of 4.9 mm. 
• Geotextile 2 (GT2) – NWNP geotextile with a thickness of 7.8 mm. 
A summary on the properties of the tested geotextiles can be seen in Table 3.5. 
Table 3.5. Summary of Geotextile properties (manufacturer product sheet) 
 Test GT1 GT2 
Polymer  Virgin polypropylene 
Static puncture strength - CBR (kN) BS EN ISO 12236 5 14 
Push-through displacement (mm) BS EN ISO 12236 65 65 
Tensile strength (kN/m) BS EN ISO 10319 30 75 
Thickness @2kPa (mm) BS EN ISO 9863-1 4.9 7.8 
 
It should be mentioned that due to the nature of the geotextile, being non-woven needle 
punched (their distribution being uneven across the material), wear analysis was not 
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performed, as quantitative measurements could not be taken with the devices used for the 
geomembrane analysis. Due to this reason, the wear analysis performed in the thesis focuses 
only on geomembranes. 
 Soils 
Whether the geomembranes are used for embankments, landfills or for containment 
facilities, these materials typically come in contact with various types of soils varying from 
fine soils such as mineral lining systems to granular soils such as sand blinding layers and 
gravel drainage materials. In order to analyse the amount of wear that these materials induce 
to the geomembrane during shearing, two different types of soils were selected (in accordance 
with BS EN ISO 14688-1:2013), as follows: a well-graded low plasticity sandy slightly silty 
CLAY very fine grained soil represented by Mercia Mudstone (MM) and a uniformly graded 
coarse SAND with sub-angular to rounded particles represented by Leighton Buzzard sand 
(LBS). A particle size distribution (PSD) study was performed using the sieve method (BS 
EN ISO 11277:2009) on the selected soils, which can be observed in Figure 3.5. 
 
Figure 3.5. Particle size distribution for the selected soils. 
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 Mercia Mudstone  
MM was procured in form of powder (Figure 3.6), the powder was then mixed to the 
desired moisture content in the laboratory. A series of basic laboratory classification tests 
were conducted and the material properties are presented in Table 3.6. 
 
Figure 3.6. Clay powder sample 
Table 3.6. Material properties for the Mercia Mudstone 
Properties Value 
Specific Gravity, Gs (Mg/m3), (a) 2.77 
Atterberg Limits, (b)  
Liquid Limit, wL (%) 34.1 
Plastic Limit, wP (%) 17.3 
Plasticity Index, PI (%) 16.8 
Compaction Study  
Optimum moisture content, OMC (%) 12.7 
Maximum dry density, ρdry,max (Mg/m3), (c) 1.96 
Grain Size Analysis, (d)  
D60 0.26 
D30 0.11 
D10 0.003 
Cu (uniformity coefficient) 86.7 
Cc (curvature coefficient) 0.16 
(a) In accordance with BS 1377-2:1990 
(b) In accordance with BS 1377-2:1990 
(c) Obtained from standard Proctor test in accordance with BS 
1377-4:1990 
d In accordance with BS EN ISO 14688-1:2013  
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 Sand 
Leighton Buzzard Sand (LBS) was chosen as granular material (Figure 3.7) as it has a 
consistent particle size, thus when tested gives repeatable results. A series of basic laboratory 
classification tests were conducted and the material properties are presented in Table 3.7. 
Analysing Figure 3.5, this sand can be classified as a uniformly graded with sub-angular to 
rounded particles (BS EN ISO 14688-1:2013). 
 
 
Figure 3.7. Magnified image of LBS. 
Table 3.7. Material properties for the used LBS. 
Properties Value 
Grain Size Analysis, (a)  
D60 1.63 
D30 1.18 
D10 0.6 
Cu (uniformity coefficient) 2.71 
Cc (curvature coefficient) 1.42 
Particle density, ρs, (Mg/m3) 2.59 
(a) In accordance with BS 1377-2:1990 
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3.3 Field Study 
  Instrumentation 
During the first year of the research, an opportunity arose to perform a commercial project 
which involved the instrumentation of a landfill site. The investigation comprised two 
primary geotechnical monitoring systems and was supported by local surveying on site. The 
first comprised a series of wire extensometers attached to the Geocomposite Drain Liner 
(GDL) and the Geomembrane (GM). Two monitoring tables (See Figure 3.8 and Figure 3.9) 
each with six extensometers were installed as part of a monitoring condition within the permit 
for the site. This was to measure total displacement and relative displacement within the 
geosynthetic lining system of the landfill capping. The monitoring tables were spaced 10m 
(two panels of GM) horizontally across the slope from each other. The location of connection 
points of the extensometers to the geosynthetics were 10, 15 and 20 m below the crest of the 
slope for both the GM and GDL. The extensometer system used 1.5 mm steel wire within a 6 
mm OD nylon tubing to protect the cables from pinching outside of the area of interest. The 
resilience of the tubing was trialled in a 300 mm shear box under 100 kPa, nearly double the 
maximum representative loadings. The monitoring table was a welded steel structure, fixed to 
a 100 mm concreted base for stability, with lubricated machined nylon runners, and was the 
same equipment as previously deployed at Milegate Quarry Extension landfill as reported by 
(Zamara et al., 2012). Tensioning of the wires was carried out using weights hung from the 
free end of the pulley system.  
 
 
 
Figure 3.8. Extensometer Measuring Table and Cables. 
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Figure 3.9. Schematic Location of Instrumentation. 
Six DEMEC strain gauge installations were made (above and immediately below the 
slope crest on the GM near to Table 1 and just below the crest near Table 2). Each comprised a 
set of 4 marker points (See Figure 3.9 and Figure 3.10). This facilitated four strain 
measurements at each of the six locations (two measurements across the slope and two 
measurements along the slope). Although initial readings were taken on the DEMEC strain 
gauges, these were erroneously buried during the placement of the first 500mm of soil. 
Although they were exhumed, no meaningful readings could be taken. 
 
 
 
Figure 3.10. DEMEC installations 
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  Monitoring History 
In order to allow comparison to the results presented later in the paper, Table 3.8 below 
presents history of instrumentation installation and cap construction. It should be noted that 
the entire slope was covered with 500mm deep soil layer within one stage (Table 3.8, Event 
Ref 4); this was followed by further soil installation (Table 3.8, Event Ref 5).  
Table 3.8. History of instrumentation installation and slope cover construction. 
Ref No Date Action 
1 22/08/2014 Installation of Extensometers and Demec Strain Gauges on the GM 
2 28/08/2014 Installation of Extensometers and Demec Strain Gauges within GDL 
3 02/09/2014 Lower 10m long section of slope covered with soils 
4 05/09/2014 Slope covered with 500mm of soil 
5 26/09/2014 Stability buttress in place 
 
3.4 Direct Shear Testing 
 Device selection  
Sheared geomembrane samples were needed in order to assess the surface changes 
occurring during shearing and quantify these changes. Also besides the sheared samples, the 
stress-strain response of the tested interfaces was analysed. A literature review was conducted 
which revealed the for studying interface shear strength the most common device used in a 
Direct Shear Apparatus (DSA) (Swan et al., 1991; Stoewhase, 2002; Sia and Ing, 2007; Bacas 
et al., 2015). Other devices were found to be used, such as Torsional Ring Shear Apparatus 
and Inclined Plane Device (Stark and Poeppel, 1994; Lalarakotoson et al., 1999; Wasti and 
Özdüzgün, 2001; Carbone et al., 2015), however these devices have some drawback such as 
the shear direction of the Ring Shear Apparatus does not coincide with the constant vector 
shear direction on site and the Inclined Plane Device offers a very small range of normal 
stresses for testing, thus is only compatible for replicating low normal stress applications, 
therefore, a large DSA was selected fort.   
The DSAs used have a 305x305 mm shear area, these DSAs being commonly used by 
researchers in interface shear testing (Jones and Dixon, 1998; Blumel and Brummermann, 
1996; Bemben and Schulze, 1998; Dixon, 2010). As well as being widely used by other 
researchers, Sia, (2007) stated that 102x102 mm shear boxes are is too small to produce 
accurate result whereas a 457x457 mm DSA proved to be too large to provide control over the 
set up and results. A peculiarity of this type of DSA is the constant shear area, feature that is 
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possible due to the higher length of the bottom box with respect to the upper one. However, 
the higher length of the bottom box has a drawback, which is that there is new material 
entering the shearing area during testing, thus influencing the final results. 
 
 
 
Figure 3.11. Schematic of the DSA (Zaharescu et al., 2015) 
 
 
There were two different models of DSAs used during testing. The first model was 
manufactured by Durham Enterprises and can be observed in Figure 3.12 and shall be named 
SB1 throughout this document. This model of DSA features a constant 305x305 mm shear 
area, a fixed top box, bolt clamping on both bottom and top box. The loading is done by 
means of a pneumatic bellow, with the ability of applying normal stresses ranging from 50 to 
400 kPa.  
 61 | P a g e  
 
 
Figure 3.12. Durham Enterprises DSA 
As discussed in the literature reviews, there are a number of drawbacks that DS1 presents 
during testing, as follows: 
• The normal stress range is limited to an upper value of 400 kPa, which is not 
representative for some real applications such as heap leach pads in mining, where 
the normal stresses on the geosynthetic ensemble reaches values in excess of 2 MPa 
(Thiel & Smith, 2004). 
• The DSA has a fixed top box which influences the distribution of normal stress at 
the shearing plane (Stoewhase, 2002). 
In order to extend the range of normal stresses applied during tests, a second model of 
DSA was used which was the ADS 300 large shear box manufactured by Wille Geotechnik 
(Figure 3.13) named SB2 in this document. As well as the above mentioned device, this DSA 
features also a 305x305 mm shear area and bolt clamping , however, it has a floating box 
which was proven by Thermann et al., (2006) to give more reliable results. Additionally, this 
DSA has the capability of applying normal stresses up to 1.2 MPa using hydraulic loading 
system, thus was used in the tests which exceeded 400 kPa in normal stress. It should be 
mentioned that this DSA was not available throughout the entire duration of the project. It 
was made available in the month 26 of the project thus only the tests in which the normal 
stress exceeded 400 kPa were performed using this device. 
Top Box 
Computer 
and control 
dashboard 
Bottom Box 
 62 | P a g e  
 
 
Figure 3.13. Wille Geotechnik DSA 
 Sample preparation procedure 
 Geosynthetic preparation 
The geomembrane samples were cut such as the shear direction to be the same with the 
machine direction of the geomembrane as this replicates the direction they are used on site, as 
such, the author decided to use the samples in the machine direction in order to be consistent 
with real life applications.  
The samples were cut using shears and a hook blade knife. The dimensions of the samples 
were 350x500 mm, this dimension being large enough that the shearing was completely 
covered by material. Clamping holes were prepared using a hand drill and a 14 mm flat wood 
drill bit (Figure 3.14). 
After cutting the geomembrane samples washed under water and allowed to dry in a 
temperature controlled room (20°C) after which were individually placed in plastic bags and 
stored vertically in order to avoid damage that could occur if stored one on top of another. 
 
Figure 3.14. Clamping holes. 
Loading 
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The preparation of the geotextile samples was done using a pair of shears and hook blade 
knife to the same dimensions (350x500mm) as the geomembrane. Whereas the geomembrane 
was cut so that the shearing direction coincides with the machine direction, the geotextile, 
according to the manufacture, presented the same mechanical properties in both directions. 
The clamping holes were made using also a hand drill, however in this case a common drill 
bit was used. 
 
 Soil preparation 
• Mercia Mudstone 
Typical industry practice is to compact lining systems at moisture contents wet of optimum 
(Shukla and Yin, 2006). A study of Construction Quality Assurance reports (CQA Validation 
Report WR 4616/5/001, 2007; CQA Report for Leadenham Landfill Site, 2007) showed 
compaction within 1% of plastic limit which was carried out for similar material used for this 
research project. Therefore a compaction at a plastic limit of 17.0% (±0.5%) was adopted for 
this study. In order to maintain a low degree of variability between the tests, the moisture 
content has to be controlled very accurately. In the case of fine grained soil, it is very difficult 
to maintain moisture content at a desired value as these soils are very sensitive to moisture 
content changes (Seed and Boulanger, 1991; Hatami and Esmaili, 2015). Therefore, for each 
test the material was prepared before the test, thus minimising the possibility of moisture loss. 
The procedure of obtaining the clay for testing consisted in mixing the Mercia mudstone 
powder, which was oven dried at 110°C for 24 hours (to reduce the moisture content to 0%), 
with the amount of water necessary for obtaining a 17% moisture content, using a Z-blade 
mixer (Figure 3.15). After the mixing process in the Z-blade mixer, a ‘on the spot’ moisture 
content test was performed to ensure that the moisture content was within desired range. This 
process consisted in selecting a small soil specimen (around 50g) of the mixed material and 
placed in a glass beaker (which was weighted before) and weighted, after which dried in the 
microwave for 5 minutes and weighted again. Afterwards the soil specimen was dried in the 
microwave for a further 2 minutes and weighted again, to ensure that there is no difference in 
the readings. The moisture content was then calculated. Besides the ‘on the spot’ moisture 
content, an overnight moisture content test was performed to ensure that the initial moisture 
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content was within the desired range. Furthermore, after the tests, another specimen was taken 
for an overnight moisture content test, in order to assess the loss of moisture during testing. 
The results for both methods, microwave and oven, for the tests performed on 
geomembrane – clay interfaces are presented in Table 3.9. 
 
Table 3.9. Moisture content comparison using microwave and oven methods. 
 Interface 
Moisture Content using 
Microwave ‘on the spot 
method’ (%) 
Moisture Content 
using Oven method 
(%) 
GM2/C-01 GM2-C 17.2 16.7 
GM2/C-02 GM2-C 16.9 16.3 
GM2/C-03 GM2-C 16.5 16.4 
GM2/C-04 GM2-C 16.9 16.6 
GM2/C-05 GM2-C 16.8 16.7 
GM2/C-06 GM2-C 16.6 16.6 
 
 
The results show that the difference in the two methods is very small, thus using the 
microwave method accurate results can be obtained without the necessity of waiting overnight 
to identify the moisture content of the soil which will be used in testing. This was also shown, 
by Kramareko et al., (2016) which studied the influence of microwave method on moisture 
content calculations in clays, and concluded that using the microwave method is an effective 
mean of rapid determination of the moisture content, producing more accurate results that 
ovens. 
 
After this process the soil was taken out of the Z-blade mixer and placed in the shear box. 
The clay was compacted such that a uniform layer of soil (5 cm in depth) covered the 
geomembrane as established by Dixon and Jones (2003) and Hsieh and Hsieh (2003) which 
found that this thickness is sufficient for uniformly distributing the normal load across the 
shear plane. The compaction of the clay was achieved by filling a known volume with the 
appropriate soil mass. This method was deemed sufficient to achieve consistency between 
tests. 
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Figure 3.15. Z-blade mixer. 
 
• Leighton Buzzard Sand 
Besides clay, the other soil commonly used in conjunction with geomembranes is sand, 
which has been used in as a protection layer for geomembranes (Motan et al., 1993; Fox and 
Thielmann, 2012; Brachman and Sabir, 2013). However, when used in conjunction with 
geomembranes, the granular material often interacts with the geomembrane creating a 
ploughing effect as observed by Frost et al., (2012). This ploughing effect damages the 
geomembrane surface, thus investigating the effects of this material on the geomembrane 
surface morphology is important. 
The procedure of preparing the sand for testing consisted in oven drying the material for 
24h at 110°C, in order to ensure moisture content was zero. All testing was carried out at a 
moisture content of zero to eliminate the variability brought by the moisture for each test. 
After the drying process was finished, the sand was spread on a plastic sheet for cooling, 
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temperature being another variable that needed to be eliminated in order to ensure test 
repeatability. The next step was to pour the sand in the shear box. The sand was poured in 
loosely, and no compaction was applied. The reason behind applying no compaction was that, 
considering that the sand was a uniformly graded single size, compaction would have been 
very difficult to control throughout all of the tests, as such was disregarded in order to achieve 
a consistent methodology. 
 Data acquisition 
 Durham Direct Shear Apparatus  
For the Durham DSA, a data logger was required in order to record the data points during 
testing. This device was connected to the direct shear box and a laptop and recorded data from 
the SB1 internal computer to a software called TracerDAQ on the laptop, logging voltage 
outputs for shear stress and displacement.  
The drawback of using this device is that, any loss of power in the laptop or any 
disconnections due to hardware malfunction during testing, affects the results, as there is no 
backup mechanism to record the data. 
 Wille Geotechnik Direct Shear Apparatus  
The data acquisition on SB2 was done through the DSA internal computer and could be 
seen in real time on the machine’s external monitor. In comparison with SB1, this machine is 
equipped with an internal computer destined to record data even if the connection between the 
machine and the laptop is lost, thus the test data is not lost and the test does not have to be 
repeated.  
 Initial set-up and shearing parameters 
To assure repeatability of tests and consistency during testing, special attention was 
devoted to the initial set-up for each test. Variables such as texture height of the 
geomembranes (every GM had a different texture height) influenced the gap needed between 
the top and the bottom box for the GM/GT tests, which had to be set. This was chosen to be 1 
mm high, in order to avoid the crushing of the geotextile under the load of the top container. 
The gap shown in Figure 3.16, was set using the screws on the sides of the bottom box as 
recommended by Dixon and Jones, (2003) which stated that for a 300 x 300 mm2 area with 
the upper box completely fixed DSA, the minimum gap size should be at least 0.5 mm. 
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Figure 3.16. Diagram showing the gap between top and bottom box 
The normal stress is transferred to the interface through 4 solid spacer blocks for both 
shear boxes (Figure 3.17). The spacer blocks are used in order to substitute the soil and reduce 
the variables during testing. If soil is used the variables that need to be controlled increase; as 
such the variability increases. The initial conditions of the test such as moisture content, soil 
gradation, soil plasticity and other parameters should be the same for each test (Dixon, 2010), 
however values vary, giving different results. Thus, using solid spacer blocks is a good 
method for assuring consistency during testing. Another advantage of using spacer blocks is 
that normal stress loss is minimal in comparison with soil as the latter when distributes 
normal stress to the side of the top box through friction. 
The spacer blocks are 25 mm thick each. There bottom spacer block is provided with an 
abrasive surface, specifically coarse sandpaper with a grit of 50, that it is used to ensure that 
the shear plane is maintained at the interface between the geotextile and the geomembrane 
and not the interface between the geotextile and the bottom block. 
 
Figure 3.17. Spacer blocks used for normal stress transfer in Shear box SB1. 
Spacer blocks 
Bottom 
spacer block 
(with coarse 
sandpaper) 
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The bottom box is, as well as the top box, 100 mm in depth. As in the case of the top box, 
the soil was substitute with a solid spacer block. The top block is as well provided with and 
abrasive surface (coarse sandpaper) with a grit of 50. This ensures that the geomembrane 
cannot be stretched or does not develop wrinkles during testing as was shown by Lee and 
Manjunath, (2000). 
It should be mentioned that the abrasive surface was changed for every new set of tests (as 
presented in Section 0) in order to keep consistency between tests and ensure that the wear of 
the abrasive surface does not interfere and influence the results. The changing of the abrasive 
surface consisted in clearing the bottom spacer block from the previous layer of sandpaper 
and gluing the new layer of sandpaper with industrial wood glue. The glue was left to set for a 
minimum of 48 hours, as multiple blocks were used to allow tests to continue whilst a new 
abrasive surface was prepared. Assessments, for elongation in the geomembrane, were made 
using markers relative to the fixed upper box, and the geomembrane was not observed to 
stretch during the tests. 
During the initial stages of testing in which GT1 was used, the sheared samples showed 
extensive damage in the area of the sample which enters the shearing area during the tests. 
This issue was present when testing at the entire range of normal stresses (50 kPa – 400 kPa), 
thus the author hypothesized that the extensive damage that the geomembrane was suffering 
was due to the leading edge of the loading plates (Figure 3.18), hitting the geomembrane 
texture, inducing large amounts of wear which were inconsistent with the wear suffered by 
the texture present in the shearing area at the beginning of the test. In order to overcome this 
problem, the loading plate that was placed the closest to the interface had its edges chamfered 
as shown in Figure 3.19. 
 
Figure 3.18. Diagram explaining the damage induced by the leading edge of the loading 
plates. 
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Figure 3.19. Diagram showing the bottom loading plates used: a) chamfered loading plate 
and b) original loading plate. 
After performing tests with the chamfered loading plate in use, the issues regarding the 
extreme deformation persisted, thus was concluded that the loading plate was not the cause 
for this problem.  
Another hypothesis was that the geotextile was too thin to provide with enough protection, 
so that the loading plates would not damage the geomembrane texture. As such the author 
decided to test other thicker geotextiles, having thicknesses of 5.5 mm and 6 mm respectively 
however these geotextile were as well too thin to provide the necessary protection. A 
geotextile with thickness of 7.8 mm (GT2) was tested and results showed that offered an 
adequate protection against loading plate damage. 
The geosynthetic are held in place by clamping for both the geomembrane and the 
geotextile. This system of securing the geosynthetic is the preferred option over gluing them 
as it was shown by Kim and Frost, (2011), that using gluing for constraining geosynthetic 
during direct shear testing can produce un-conservative results. 
ASTM-5321, (2012) allows for displacement rates to be up to 5 mm/min, thus the shear 
rate chosen was in accordance with BS EN ISO 12957-1:2005 and shear rates used in the 
literature (Stoewhase, 2002). As part of this study, published in Godley et al., (2014),the 
influence of different shear rates on the shear strength parameters obtained from direct shear 
were investigated and no correlation between the shear strength and the shear rates was found. 
In order for consistency with the published literature the shear rate used for the direct shear 
tests was chosen to be 1 mm/min. A shear rate of 1 mm/min has also been adopted for clay 
testing. This was assumed to represent undrained condition through the shearing phase. This 
was selected, as the purpose of this investigation was to generate sheared samples for the 
study of geometric wear characteristics, and not to define absolute shear strength parameters. 
After further testing, given the low wear reported on the geomembranes sheared against clay 
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(see Section 4.5.4), the decision was made to further investigate high wear interfaces with 
geotextile or sand rather than conduct drained tests which would have required approximately 
1 week per test, limiting the resources available for the other tests performed as parts of this 
study. 
The shear distance was varied between 5 mm and 80 mm displacement. The tests in which 
the residual shear stress (the post-peak shear stress) were the tests in which the shear 
displacement was set to 80 mm. This distance was selected as the post-peak shear strength is 
usually reached at distances of 50 mm or higher (Bacas et al., 2015). However, the 
development of wear was studied pre-peak and immediately post-peak with tests in which the 
shear direction of varied between 5mm and 20 mm. According to Bacas et al., (2015), the 
peak shear strength is usually reached between 4mm and 10 mm, as such the author decided 
to test samples at the displacement presented above. 
A test was undertaken on the Durham DSA, without any loading or material on the device 
to assess the accuracy and resolution, in order to observe if there is any influence on the results 
obtained in the direct shear testing programme. The result is presented in Figure 3.20, and it can 
be observed that the DSA presents some noise which is fluctuating between 0 kPa and 1 kPa. 
This is thought by the author to be acceptable, this resolution not impacting the results. 
 
Figure 3.20. No loading shear test.  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
0 10 20 30 40 50 60 70 80
Sh
e
ar
 S
tr
e
ss
 (
kP
a)
Displacement (mm)
No loading shear test
 71 | P a g e  
 
3.5 Direct shear testing programme 
In order to complete Objective 4 set in Chapter 1, Section 1.2, a programme of direct shear 
testing was developed. The aim of the testing programme was to analyse different aspects on 
geosynthetic-geosynthetic and geosynthetic-soil interfaces, specifically the influence of 
normal stress on the shear strength of different geosynthetic interfaces, study the wear 
development during shearing, and obtain sheared samples used for digital imaging and 
surface morphology analysis. The tests performed will be divided into two different sections 
as follows: Influence of normal stresses on the shear strength of geosynthetic interfaces and 
wear development of geomembranes. 
The range of normal stresses, 50 kPa to 800 kPa, was chosen based of real application, 
where 50 kPa is replicating the stress applied on an interface present in a landfill cover 
(McCartney et al., 2004), whereas 800 kPa present the lower boundary of normal stresses 
found in mining applications (Lupo and Morrison, 2007). 
Direct shear tests were performed in which, different aspects were studied as follows: the 
influence of normal stress on the shear strength of geosynthetic-geosynthetic and geosynthetic 
soil interfaces, influence of machine direction versus cross machine direction of 
geomembranes and geotextiles during testing and influence of displacement on wear 
development during shear testing.  
 
 Influence of normal stresses on the development of peak strength and 
post-peak wear development 
Studying the influence of a wider range of normal stresses is an important aspect to 
consider when analysing the suitability of geosynthetic interfaces for different projects. 
Geosynthetic interfaces react differently when subjected to different normal stresses, thus this 
section was developed in order to assess the behaviour of seven different geosynthetic-
geosynthetic interfaces and five different geosynthetic-soil interfaces.  
 Geomembrane-geotextile interfaces 
This section presents the tests performed on the interfaces between geomembranes and geotextiles. 
The tests were carried out on the 50 kPa-800 kPa range of normal stresses. It should be mentioned 
that the early stages of testing involved GT1 (see Section 3.2.2) as the geotextile materials, at 
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normal stresses of 50 kPa and 400 kPa. However this material proved to be too thin, the 
geomembrane sustaining extensive damage induced by the loading plates as presented in Section 
3.4.4. The author decided to move to a thicker geotextile (7.8 mm thickness), GT2 which eliminated 
the issue. Other geotextiles were tested (having thicknesses of 5.5 mm and 6 mm), however the 
issues regarding loading plate induced damage persisted. Also thicker geotextile was tried (having 
thickness of 15 mm), however due to the high thickness, the manipulation and clamping in the shear 
box proved difficult. This is why the majority of the tests performed in the testing programme 
involved GT2. Furthermore, the high normal stress tests (higher than 400 kPa) were performed after 
the acquisition of the shear box SB2 (see Section 3.4.1). 
 
 GM1 – GT1 interface 
The tests carries out on interface GM1/GT1 are presented in Table 3.10. Two normal 
stresses were applied on the interfaces (50 kPa and 400 kPa) and the displacement distance 
was 80 mm. 
Table 3.10. GM1/GT1 interface direct shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM1/GT1-01 GM1-GT1 50 80 md* 
GM1/GT1-02 GM1-GT1 50 80 md* 
GM1/GT1-03 GM1-GT1 50 80 md* 
GM1/GT1-04 GM1-GT1 400 80 md* 
GM1/GT1-05 GM1-GT1 400 80 md* 
GM1/GT1-06 GM1-GT1 400 80 md* 
*- md represents machine direction 
 
 GM1 – GT2 interface 
GM1/GT2 interface direct shear tests are presented in Table 3.11.For this interface the full 
range of normal stresses from 50 to 800 kPa were used, with a displacement distance of 80 
mm. 
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Table 3.11. GM1/GT2 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM1/GT2-01 GM1-GT2 50 80 md* 
GM1/GT2-02 GM1-GT2 50 80 md* 
GM1/GT2-03 GM1-GT2 50 80 md* 
GM1/GT2-04 GM1-GT2 100 80 md* 
GM1/GT2-05 GM1-GT2 100 80 md* 
GM1/GT2-06 GM1-GT2 200 80 md* 
GM1/GT2-07 GM1-GT2 200 80 md* 
GM1/GT2-08 GM1-GT2 300 80 md* 
GM1/GT2-09 GM1-GT2 300 80 md* 
GM1/GT2-10 GM1-GT2 400 80 md* 
GM1/GT2-11 GM1-GT2 400 80 md* 
GM1/GT2-12 GM1-GT2 400 80 md* 
GM1/GT2-13 GM1-GT2 600 80 md* 
GM1/GT2-14 GM1-GT2 800 80 md* 
 
GM2/GT1 interface direct shear tests are presented in Table 3.12. The tests involved two 
normal stresses (50 kPa and 400 kPa) being applied on 80 mm of displacement.  
Table 3.12. GM2-GT1 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM2/GT1-01 GM2-GT1 50 80 md* 
GM2/GT1-02 GM2-GT1 50 80 md* 
GM2/GT1-03 GM2-GT1 50 80 md* 
GM2/GT1-04 GM2-GT1 100 80 md* 
GM2/GT1-05 GM2-GT1 200 80 md* 
GM2/GT1-06 GM2-GT1 300 80 md* 
GM2/GT1-07 GM2-GT1 400 80 md* 
GM2/GT1-08 GM2-GT1 400 80 md* 
GM2/GT1-09 GM2-GT1 400 80 md* 
 
 GM2 – GT2 interface 
GM2-GT2 interface direct shear tests are presented in Table 3.13. For this interface the full 
range of normal stresses was used with a displacement distance of 80 mm.  
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Table 3.13. GM2-GT2 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM2/GT2-01 GM2-GT2 50 80 md* 
GM2/GT2-02 GM2-GT2 50 80 md* 
GM2/GT2-03 GM2-GT2 50 80 md* 
GM2/GT2-04 GM2-GT2 100 80 md* 
GM2/GT2-05 GM2-GT2 200 80 md* 
GM2/GT2-06 GM2-GT2 300 80 md* 
GM2/GT2-07 GM2-GT2 400 80 md* 
GM2/GT2-08 GM2-GT2 400 80 md* 
GM2/GT2-09 GM2-GT2 400 80 md* 
GM2/GT2-10 GM2-GT2 600 80 md* 
GM2/GT2-11 GM2-GT2 800 80 md* 
 
 GM3 – GT2 interface 
 
GM3-GT2 interface direct shear tests are presented in Table 3.14. For this interface the full 
range of normal stresses was used with a displacement distance of 80 mm.  
Table 3.14. GM3-GT2 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM3/GT2-01 GM3-GT2 50 80 md* 
GM3/GT2-02 GM3-GT2 100 80 md* 
GM3/GT2-03 GM3-GT2 200 80 md* 
GM3/GT2-04 GM3-GT2 300 80 md* 
GM3/GT2-05 GM3-GT2 400 80 md* 
GM3/GT2-06 GM3-GT2 600 80 md* 
GM3/GT2-07 GM3-GT2 800 80 md* 
 75 | P a g e  
 
 GM4 – GT1 interface 
GM4-GT1 interface direct shear tests are presented in  
 
Table 3.15. The tests involved two normal stresses (50 kPa and 400 kPa) being applied on 
80 mm of displacement. 
 
Table 3.15. GM4-GT1 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM4/GT1-01 GM4-GT1 50 80 md* 
GM4/GT1-02 GM4-GT1 50 80 md* 
GM4/GT1-03 GM4-GT1 50 80 md* 
GM4/GT1-04 GM4-GT1 400 80 md* 
GM4/GT1-05 GM4-GT1 400 80 md* 
GM4/GT1-06 GM4-GT1 400 80 md* 
*- md represents cross machine direction 
 
 GM4 – GT2 interface 
GM4-GT1 interface direct shear tests are presented in Table 3.16. The tests involved two 
normal stresses (50 kPa and 400 kPa) being applied on 80 mm of displacement. 
Table 3.16. GM4-GT2 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM4/GT2-01 GM4-GT2 50 80 md* 
GM4/GT2-02 GM4-GT2 50 80 md* 
GM4/GT2-03 GM4-GT2 50 80 md* 
GM4/GT2-04 GM4-GT2 400 80 md* 
GM4/GT2-05 GM4-GT2 400 80 md* 
GM4/GT2-06 GM4-GT2 400 80 md* 
*- md represents cross machine direction 
 76 | P a g e  
 
 Geomembrane soil interfaces 
 GM1 – Sand interface 
 
GM1-Sand interface direct shear tests are presented in Table 3.17. For this interface the 
full range of normal stresses was used with a displacement distance of 80 mm.  
Table 3.17. GM1-Sand interface tests 
 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM1/S-01 GM1-S 50 80 md* 
GM1/S-02 GM1-S 100 80 md* 
GM1/S-03 GM1-S 200 80 md* 
GM1/S-04 GM1-S 300 80 md* 
GM1/S-05 GM1-S 400 80 md* 
GM1/S-06 GM1-S 600 80 md* 
GM1/S-07 GM1-S 800 80 md* 
*- md represents cross machine direction# 
 
 GM2 – Sand interface 
GM2-Sand interface direct shear tests are presented in Table 3.18. For this interface the 
full range of normal stresses was used with a displacement distance of 80 mm.  
 
Table 3.18. GM2-Sand interface tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM2/S-01 GM2-S 50 80 md* 
GM2/S-02 GM2-S 100 80 md* 
GM2/S-03 GM2-S 200 80 md* 
GM2/S-04 GM2-S 300 80 md* 
GM2/S-05 GM2-S 400 80 md* 
GM2/S-06 GM2-S 600 80 md* 
GM2/S-07 GM2-S 800 80 md* 
*- md represents cross machine direction 
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 GM3 – Sand interface 
GM2-Sand interface direct shear tests are presented in Table 3.19. For this interface the 
full range of normal stresses was used with a displacement distance of 80 mm.  
Table 3.19. GM3-Sand interface tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM3/S-01 GM3-S 50 80 md* 
GM3/S-02 GM3-S 100 80 md* 
GM3/S-03 GM3-S 200 80 md* 
GM3/S-04 GM3-S 300 80 md* 
GM3/S-05 GM3-S 400 80 md* 
GM3/S-06 GM3-S 600 80 md* 
GM3/S-07 GM3-S 800 80 md* 
 
 GM2 – Clay interface 
Table 3.20 presents the tests in which the interface was formed between GM2 and Clay. 
These tests were performed at two normal stresses (50 kPa and 400 kPa) for 80 mm of 
displacement. The GM2-C tests involved only the two afore mentioned normal stresses as the 
initial set up of the test was very time consuming as presented in Section 3.4.2.2. Six tests 
were performed in undrained conditions, meaning that the soil was not consolidated under the 
normal stress for more than 10 minutes and the shearing rate was 1mm/minute. Further 
information on the shearing rate selection is provided in Section 3.4.4. 
Table 3.20. GM2-Clay interface tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
Test 
conditions 
(undrained 
UD) 
GM2/C-01 GM2-C 50 80 md* UD 
GM2/C-02 GM2-C 50 80 md* UD 
GM2/C-03 GM2-C 50 80 md* UD 
GM2/C-04 GM2-C 400 80 md* UD 
GM2/C-05 GM2-C 400 80 md* UD 
GM2/C-06 GM2-C 400 80 md* UD 
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 Study of wear development pre and post-peak shear stress  
This section present the tests in which the interfaces were tested at 50 and 400 kPa varying 
the displacements between 5mm , 10mm, 15mm and 20mm as this displacement range was 
found to be representative for the peak shear stress displacement in the literature (Jones and 
Dixon, 1998; Sia and Dixon, 2007). These series of tests were conceived for the study of the 
wear development pre and post-peak shear stress. The author adopted these displacements 
based on the displacements at which peak shear stress is achieved during shearing in 80 mm 
displacement tests as presented in Section 3.5.1. Due to the nature of the direct shear 
apparatus, and how materials contact and interact, the initial mobilisation of stress can vary in 
displacement and the tests subjected to 80 mm of displacement reached peak shear stress at 
displacements ranging between 5 –15 mm. Thus, in order to assess the behaviour of the 
interface around the peak shear stress, the 5 mm, 10 mm, 15 mm and 20 mm were selected as 
a scientifically rigorous process with sufficient range and resolution to capture the change in 
behaviour. Furthermore, after the analysis of the peak shear stress displacement on the tests in 
which the displacement distance was 80 mm, is was assessed that the peak shear stress arrives 
at a displacement distance ranging between 5 – 15 mm, as such the 5 - 20 mm range was 
deemed covering. 
 GM1-GT2 interface 
GM1-GT2 interface direct shear tests are presented in Table 3.21. For this interface the 
normal stresses applied were 50 kPa and 400 kPa with displacement distances of 5 mm to 20 
mm. 
Table 3.21. GM1-GT2 interface shear tests 
Test Code Interface 
Normal 
stress σn 
(kPa) 
Displaceme
nt distance 
(mm) 
GM 
orientation 
GM1/GT2-16 GM1-GT2 50 5 md* 
GM1/GT2-17 GM1-GT2 50 10 md* 
GM1/GT2-18 GM1-GT2 50 15 md* 
GM1/GT2-19 GM1-GT2 50 20 md* 
GM1/GT2-20 GM1-GT2 400 5 md* 
GM1/GT2-21 GM1-GT2 400 10 md* 
GM1/GT2-22 GM1-GT2 400 15 md* 
GM1/GT2-23 GM1-GT2 400 20 md* 
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 GM2-GT2 interface 
GM2-GT2 interface direct shear tests are presented in Table 3.22. For this interface the 
normal stresses applied were 50 kPa and 400 kPa with displacement distances of 5mm to 
20mm. 
Table 3.22. GM2-GT2 interface shear tests 
Test Code Interface 
Normal 
stress σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM2/GT2-12 GM2-GT2 50 5 md* 
GM2/GT2-13 GM2-GT2 50 10 md* 
GM2/GT2-14 GM2-GT2 50 15 md* 
GM2/GT2-15 GM2-GT2 50 20 md* 
GM2/GT2-16 GM2-GT2 400 5 md* 
GM2/GT2-17 GM2-GT2 400 10 md* 
GM2/GT2-18 GM2-GT2 400 15 md* 
GM2/GT2-19 GM2-GT2 400 20 md* 
 
 GM3-GT2 interface 
GM3-GT2 interface direct shear tests are presented in Table 3.23. For this interface the 
normal stresses applied were 50 kPa and 400 kPa with displacement distances of 5mm to 
20mm. 
Table 3.23. GM3-GT2 interface shear tests 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
GM 
orientation 
GM3/GT2-08 GM3-GT2 50 5 md* 
GM3/GT2-09 GM3-GT2 50 10 md* 
GM3/GT2-10 GM3-GT2 50 15 md* 
GM3/GT2-11 GM3-GT2 50 20 md* 
GM3/GT2-12 GM3-GT2 400 5 md* 
GM3/GT2-13 GM3-GT2 400 10 md* 
GM3/GT2-14 GM3-GT2 400 15 md* 
GM3/GT2-15 GM3-GT2 400 20 md* 
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 Study of the influence of geotextile in interface shear strength. 
The influence of the geotextile on testing was studied using the set of tests presented in 
Table 3.24. The testing involved the same interface (GM2 and GT1) sheared at a 
displacement distance of 80 mm, under a normal stress of 400 kPa. 
Table 3.24 – Tests which allowed for the Hook asperity to be developed 
Test Code Interface 
Normal 
stress σn 
(kPa) 
Displacement 
distance 
(mm) 
Test 
Notes 
GM2/GT2-21 GM2-GT2 400 80 Virgin GM and virgin GT 
GM2/GT2-22 GM2-GT2 400 80 Sheared GM and sheared GT 
GM2/GT2-23 GM2-GT2 400 80 Virgin GM and sheared GT 
GM2/GT2-24 GM2-GT2 400 80 Sheared GM and virgin GT 
GM2/GT2-25 GM2-GT2 
400 80 Sheared twice GM and rotated 
to 180º and virgin GT 
 
The tests involved using the same samples for multiple tests, which allowed studying how 
deformed asperities behave during multiple shear cycles. As well as studying the asperities 
during multiple shear cycles, the geotextile was studied, in order to assess the influence of 
wear of the geotextile on the shear strength of the interfaces. 
The tests involved interfaces formed by virgin geomembrane and geotextile, virgin 
geomembrane and sheared geotextile, sheared geomembrane and virgin geotextile, sheared 
geomembrane and sheared geotextile, and geomembrane sheared twice and rotated to 180 º 
against virgin geomembrane. 
3.6 Digital Imaging 
Despite the large body of literature studying interface shear strength (Chapter 2, Section 
2.4), the use of digital imaging techniques is scarce. Where they have been used (Chapter 2, 
Section 2.6) these techniques are used as a qualitative tool for identifying wear patterns and 
analysing geomembrane samples post shear. As well as being a qualitative tool, digital 
imaging can provide quantitative analysis of post-shear surface topography changes, using 
optical interferometry (Vallejo and Zhou, 1995; Dove and Frost, 1996; Yesiller and Cekic, 
2005). The novelty of this research is developing a set of parameters (Section 0) which gives 
a more in depth view on the wear development and topography changes of geomembrane 
texture. The literature showed extended information regarding the study of geomembrane 
texture wear using digital imaging (Ward and Chapter, 1982; Dove, Frost and Dove, 1996). 
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However all the studies focused only on roughness parameters studies and pre shear SEM 
analysis; it is the author’s opinion that the roughness coefficient analysis is not reliable and 
further parameters should be developed to give a more in depth view on the geomembrane 
texture wear. As such the digital imaging techniques (Section 3.6.1, Section 3.6.2 and Section 
0) were used to develop a set of parameters to overcome the limitation presented in the 
literature, which fulfil Objective 2 set in Section 1.2.  
 Optical Microscope (OM) 
The literature showed that Optical Microscopy (OM) was used by researchers in presenting 
the materials used for testing (Hebeler et al., 2005), however, this method of imaging is used 
for qualitative analyses as it presents some significant drawbacks as follows:  
• Light is a key factor in obtaining quality images, as such when scanning 
materials such as black HDPE (which was used in this research) that reflects 
light, the quality is significantly low. 
• Focal length, although very good in an optical microscope, presents is limitation 
when analysing asperities due to the fact the is difficult to focus large features on 
the geomembrane such as the asperities which are between 0.9 mm and 1.8 mm 
in height, as either the top or the bottom of the samples are in focus. 
Considering these aspects, it should be mentioned that the author used, optical microscopy 
in the early stages of the research, to identify where wear occurs on the samples. 
 Scanning Electron Microscope (SEM) 
Scanning electron microscope has been used in the past by researchers as a way to 
investigate the roughness of virgin geomembranes (Bacas et al., 2015) and for investigation 
of geotextile filament orientation pre and post shear (Stark et al., 1996). However, the 
literature showed a dearth of information regarding the usage of SEM in quantitative and 
qualitative analysis of wear of textured geomembranes. 
Dove et al., (1996) used Atomic Force Microscopy (AFM) in their research and stated that 
the AFM method is superior to SEM method as it can image material at resolution of 10-10m 
(angstroms) and also presents the ability to scan non-conductive materials, which is the case 
of geomembranes. However, when consulting available geomembranes that the manufacturers 
currently produce, when analysis the current industry of geomembranes, it can be observed 
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that the texture height of textured geomembranes varies from 0.2mm (sprayed textured 
geomembrane) to texture heights of more than 2mm (structured textured geomembrane); as 
such full magnification provided by the AFM cannot be used in the analysis of geomembrane 
surface topographies, as its magnification is too high to capture the texture of the studied 
geomembranes. 
Considering these aspects, the author decided to use SEM methods for imaging virgin and 
sheared geomembranes. The imaging was conducted within the School of Material Science at 
Loughborough University, in the Loughborough Material Characterisation Centre (LMCC). 
The author developed a protocol for SEM imaging which allowed for the scanning of virgin 
and sheared samples without introducing any degrees of variability, thus being able to obtain 
consistent results. 
Two SEMs were used for the scanning of virgin and sheared samples. Figure 3.21 presents 
the Cambridge SEM which was used in the incipient phases of the project. However, this 
machine proved to be outdated due to the fact that the processing time required to complete 
the scan of one sample was 45 minutes. The resolution of this device varies between 1nm and 
20nm which is fact beyond the requirements of the analyses reported herein, where micron 
accuracy sufficient. 
 
Figure 3.21. Cambridge SEM 
 
A more advanced SEM became available early in the project; this device was a Gemini 
FEG-SEM (Field Emission Gun-Scanning Electron Microscope) which is presented in Figure 
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3.22. Although capable of very advanced operation suitable for material science, this device 
was used for it SEM function for the duration of this research. 
In comparison with the Cambridge SEM, the Gemini SEM has the capability of scanning 8 
samples at a time, reducing the scanning time considerably. Furthermore, a feature missing 
from the Cambridge machine is the ability of obtaining images from 45° and 90° angles 
(Cambridge SEM only has the capability to take images from the top). The resolution of this 
device is also higher than the Cambridge SEM, the Gemini SEM being able to achieve 
resolutions lower than 1nm. 
Although the resolutions of both SEM were low enough, the texture of the material studies 
presented geometrical characteristics, such as height and width, which did not require such 
high resolutions due to their size. As such the author considered that the device resolution is 
not an influencing factor in producing variable results. 
 
Figure 3.22. Gemini SEM 
 Sample preparation procedure 
Prior to scanning the geomembrane samples were cut in samples of 1x1cm in order to fit in 
the SEM scanning chamber. Also, as HDPE is a non-conductive material, when using the 
SEM to examine the samples, special measures need to be taken. These special measures 
consisted in covering the samples with a very thin layer of conductive material. The 
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conductive material used was a gold/palladium alloy layer. Figure 3.23 presents the 
geomembrane samples during coating.  
 
Figure 3.23. Samples during gold and palladium covering 
 SEM scanning programme 
In the SEM scanning programme sheared samples were selected for scanning which are 
presented in Table 3.25 to Table 3.27. These samples were selected in order to complement 
the samples scanned with the 3D non-contact profiler (Section 3.6.3.9). 
Table 3.25. Samples selected for SEM scanning (analysis of wear development at different 
normal stresses for GM/GT interfaces). 
Direct shear tests code 
GM1/GT2-02 (50 kPa) GM2/GT2-01 (50 kPa) GM3/GT2-01 (50 kPa) 
GM1/GT2-11 (400 kPa) GM2/GT2-07 (400 kPa) GM3/GT2-05 (400 kPa) 
GM1/GT2-13 (800 kPa) GM2/GT2-11 (800 kPa) GM3/GT2-07 (800 kPa) 
 
Table 3.26. Samples selected for SEM scanning (analysis of wear evolution during 
displacement). 
Direct shear tests code 
GM1/GT2-20 (5 mm) GM2/GT2-16 (5 mm) GM3/GT2-12 (5 mm) 
GM1/GT2-21 (10 mm) GM2/GT2-17 (10 mm) GM3/GT2-13 (10 mm) 
GM1/GT2-22 (15 mm) GM2/GT2-18 (15 mm) GM3/GT2-14 (15 mm) 
GM1/GT2-23 (20 mm) GM2/GT2-19 (20 mm) GM3/GT2-15 (20 mm) 
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Table 3.27. Samples selected for SEM scanning (analysis of wear development at different 
normal stresses for GM/S interfaces). 
Direct shear tests code 
GM1/S-01 (50 kPa) GM2/S-01 (50 kPa) GM3/S-01 (50 kPa) 
GM1/S-05 (400 kPa) GM2/S-05 (400 kPa) GM3/S-05 (400 kPa) 
GM1/S-07 (800 kPa) GM2/S-07 (800 kPa) GM3/S-07 (800 kPa) 
 
 3D non-contact optical profiler 
Although the OM and the SEM techniques were appropriate tools in the qualitative 
analysis of sheared samples, they were unable to provide quantitative data that would provide 
with enough details regarding the amount of wear found of the geomembrane texture.  
Traditionally, the measurement of textured surfaces was performed using tactile devices 
(Danzl et al., 2011) such as stylus profilers that have a stylus tip which is traced along a 
profile, thus determining roughness parameters. However, the traditional stylus profiler has 
decreased accuracy and is inducing surface damage during scanning as the stylus tip traces the 
surface of the geomembrane (Vangla and Gali, 2016).  
Another method that is currently used besides 2D and 3D stylus profilers is the Focus 
Variation (FV) device which can be observed in Figure 3.24. This device, in comparison with 
the stylus profiler, uses non-contact scanning technique. Both devices were available for use, 
however after consulting the literature, it was decided that the FV device would be the 
preferred tool of choice as this device presents low variability between readings (Danzl et al., 
2011), as well as increased measurement speed (Vangla and Gali, 2016). 
 
Figure 3.24. A schematic illustration of a typical device based on focus variation (Danzl et 
al., 2011). 
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The FV device used was an Alicona InfiniteFocus Optical 3D Measurements Device, 
which uses the focus variation technology as presented above and can be seen in Figure 3.25. 
This device was available in the Loughborough University metrology laboratories. The FV 
device has a vertical resolution higher than 10nm and a lateral resolution higher than 400nm, 
and is calibrated annual at Loughborough University. As with the SEM, considering the 
materials studied in this thesis, the author has concluded that the resolution of this device 
produces accurate result with respect to the size of the asperities. 
 
Figure 3.25. 3D Optical Measurement Device 
The procedure of obtaining the data needed for the analysis of wear of geomembranes can 
be observed in Table 3.28 which covers the steps taken by the author from receiving the roll 
of geomembrane to the analysis of data. 
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Figure 3.26. Diagram showing the limitation of the 3D non-contact optical profiler 
Table 3.28. Procedure of obtaining data using the 3D non-contact optical profiler 
Step Description 
1 Cutting, washing and storing 
the samples 
- Cutting the samples to the required dimensions  
- Washing the samples under running cold water, 
leave samples to dry, and remove any impurities 
left with compressed air 
- Storing the samples in a temperature controlled 
room (20°C), each being individually kept in 
plastic bags  
2 Scanning area selection - Selection of area which will be scanned  
3 Scanning of virgin samples - Obtaining 3D profiles of virgin samples 
4 Virgin samples parameters 
collection and analysis 
- Processing of raw data obtained from Step 3 by 
means of computer software  
- Collection of geometrical parameters and 
analysis of the acquired data 
5 Mounting the geomembrane 
sample on the DSA 
- Placing the geomembrane on the bottom box  
- Clamping the geomembrane 
6 Mounting the geotextile 
samples on the DSA and the 
spacer blocks 
- Placing the geotextile on the top box and 
adjusting the gap between the top and bottom 
box so that the geomembrane and the geotextile 
will not be crushed 
- Placing of the spacer blocks 
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7 Applying normal load - Applying normal load and holding it at the 
desired value for 10 minutes in order to avoid 
normal stress fluctuations induced by the 
pneumatic bellow 
8 Shearing - Running the tests  
9 Dismounting and sample 
cutting 
- Dismounting the tests taking special attention 
not to interfere with the sheared surface  
- Cutting the sample to smaller size for easier 
manipulation 
10 Scanning of sheared samples - Obtaining 3D profiles of sheared samples 
11 Sheared samples parameters 
collection and analysis 
- Processing of raw data obtained from Step 8 by 
means of computer software 
- Collection of geometrical parameters and 
analysis of the acquired data 
 
 Scanning area selection 
As presented in Section 3.4.2.1 both geomembrane and geotextile samples were cut to 
350x500 mm dimensions. In order to maintain consistency between tests, the author 
developed a technique of selecting which part of the geomembrane sample to be scanned. 
During direct shear testing a part of the geomembrane sample leaves the shearing area, and 
also a part of the geomembrane enters the shearing area, these two zones not being subjected 
to shearing over the entire displacement distance. As such careful consideration was taken 
when selecting the scanning area. This involved selecting a part of the sample which was 
present in the shear area for the entire duration of the test, thus not being influenced by the 
leading edge of the loading plates as the geomembrane was entering the shearing area. Figure 
3.27 presents a diagram of the area selected for scanning (blue rectangle) which has 150x50 
mm in size. The red area represents the shear area prior to the test beginning. During the test, 
which has a set displacement of 80 mm (see Section 3.4.4), the front part of the geomembrane 
sample, represented in Figure 3.27 by the green hatched area, exists the shear area, whereas 
the back part of the samples, represented in Figure 3.27 by the orange hatched area, enters the 
shearing area.  
In order to avoid scanning a part of the sample that was present in the two highlighted 
areas, the author has decided to select a part of the material that was present for the entire 
duration of the test within the shearing area. This is due to the fact that, the texture present in 
the front of the sample, which is exiting the shearing area may not be subjected to the normal 
stress for the entire period of the tests, as such the wear is lower than the texture present in the 
shear area for the entire duration of the test. Equally, the author has avoided selecting for 
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analysis samples which are entering the shearing area due to the fact that the new material 
comes in contact with already sheared geotextile, as such is not subjected to the same forces 
as the material inside the shear area. 
It should be mentioned that the representative area for scanning, specifically the blue area 
shown in Figure 3.27, has been selected for all of the tests performed, thus assuring 
consistency between tests. This area was selected in Step 2 from Table 3.25, as such the 
author was able to scan exactly the same asperity pre and post shear. This feature is a 
peculiarity of this research which was not found to be used in the literature. 
 
Figure 3.27. Diagram presenting the selection criteria for the area chosen for scanning 
(dimensions are in mm) 
Following the first series of tests (see Section 4.5.1.1) the magnitude of the variation in 
geometric parameters was clearly observed using 5 tests. The overall project has a finite 
financial and time constraints with regards to the digital imaging resources. The decision was 
therefore made to allow sufficient breadth to the analysis whilst retaining the confidence and 
the validity of the results that five tests have afforded. Whilst a greater number of repetitions 
is always desirable, this would have been at the expense of the number of scenarios 
considered. It should be noted that this is the first study of this kind and identifying areas for 
such further rigorous statistical analysis is one of the key outputs of this work.  
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 Processing of raw data obtained from the 3D non-contact optical 
profiler. 
Processing of raw data obtained from the 3D profiler was necessary and was performed 
using software called TalyMap 5.0, which was present on the computers found in the 
Loughborough University Metrology laboratory. The process of obtaining the data is 
presented in Table 3.29. 
Table 3.29. Raw data processing procedure 
Step Description 
1 Opening data files - Loading the raw data file into the TalyMap 5.0 
software which is showing a 2D top-view of the 
sample. 
2 Filling non-measurable 
points and levelling the 
scanned profile 
- As the samples were made from HDPE, which is 
reflecting light, before any manipulation could be 
done, the point that could not be recreated by the 
software had to be filled. 
- The procedure was made automatically by the 
software which filled the blank points by 
calculating and averaging the neighbouring points. 
3 Creating the 3D profile - The 3D profile was created from the 2D top-view. 
4 Texture profile - Obtaining a 2D side profile that shows the 
asperities. 
5 Step heights measurement 
for the 2D side profile 
- Obtaining measurements in terms of maximum 
height, total heights valley-peak-valley and total 
heights valley-peak from the 2D side profile 
6 Amplitude parameters 
extraction – Roughness 
profile  
- Obtaining the amplitude parameters Ra (Arithmetic 
Mean Deviation of the roughness profile), Rq 
(Root-Mean-Square (RMS) Deviation of the 
roughness profile) and Rs (Surface roughness 
parameter). 
7 Fractal analysis - Obtaining the fractal dimension of the 3D profile. 
8 Roughness profile 
extraction 
- Obtaining the roughness profile. 
9 Individual asperity 
measurement 
- Selecting each asperity individually from the 2D 
top-view scan. 
- Creating a 2D side view of the asperity. 
- Obtaining measurements of the asperity in terms of 
maximum height, total heights valley-peak-valley 
and total heights valley-peak from the 2D side 
profile. 
- Obtaining advanced measurements of the asperity 
in terms of: top radius, top angle, approaching 
angle, departure angle, height, approaching face 
height change, departure face height change. 
10 Analysis of parameters - Analysis of obtained parameters and comparison, 
resulting relevant data which shows deformation 
values and patterns. 
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 Amplitude parameters – Roughness profile 
Generally surface analysis is described by a series of parameters such as waviness, valley, 
peak, asperity, roughness, micro topography (Dove and Frost, 1996). These terms are 
important in describing how rough surfaces are, as roughness has an important role in the 
interaction between geomembranes and geotextiles and geomembranes and soil. These 
parameters are usually obtained from 2D profiles.  
Ward and Chapter (1982) showed that roughness is measured according to 23 different 
international standards, which have been developed for specific applications. Dove and Frost 
(1996) state that, although there is an abundance of international standards for measuring 
roughness, roughness parameters for geosynthetic applications have not been determined. As 
such, the parameters presented in Table 3.29, Step 6 were selected to be used as defining 
roughness parameters. These parameters are widely used by researchers in surface roughness 
calculation and are as follows: 
• Average roughness, Ra, defined as the average of the asperity heights (in absolute 
value) along a centreline defined as a line separating equal areas enclosed by the 
profile above and below the line (Dove et al., 1996). 
• Root-Mean-Square (RMS), Rq, defined as the standard deviation of the asperity 
heights above and below the datum (Dove et al., 1996). 
• Surface roughness parameter, Rs, defined as the ratio between the actual surface 
area and the projected surface area of a sample (Dove et al., 1996). 
These parameters were investigated by the author in order to see if they are an appropriate 
quantification method for the surface changes. The author also consulted the manufacturers’ 
data sheets in order to assess the roughness coefficient given by the manufacturer on each of 
the geomembranes selected for testing, however no roughness coefficient values were 
provided. Furthermore, after analysing the results obtained from the sheared samples, it was 
concluded that there are no significant differences in the parameters values pre and post shear. 
As such these were not used in the variability and wear analysis. 
 92 | P a g e  
 
 Fractal analysis 
Fractal analysis was used in this research as a way to describe the roughness of the 3D 
profiles obtained from the 3D non-contact optical profiling. Vallejo and Zhou, (1995) stated 
that using fractal-dimension (D), the roughness of the geomembrane can be easily estimated. 
For this research the fractal analysis was performed automatically through the TalyMap 5.0 
software, which used the box method for the fractal dimension calculation. The author 
decided to use this method of analysis of roughness, as it was shown to be an accurate tool of 
establishing roughness of geomembranes (Vallejo and Zhou, 1995). 
 
 Individual asperity measurement 
Following the extraction of roughness parameters and fractal dimensions, individual 
asperity measurements were taken in order to develop parameters which after analysis will 
give information regarding geometrical variability between asperities, deformation patterns 
and values, all of which combined will lead to the identification of how wear occurs, how it 
develops, and its influence on the interface shear strength. 
As the literature showed that the textured geomembranes which are studied by researchers 
are primarily coextruded and sprayed, however there were no indications of what parameters 
should be obtained from scanning for analysis. As such, the author developed new 
geometrical parameters which will allow for the fulfilment of Objectives 3 and 4, specifically 
the variability analysis of virgin geomembranes samples and the quantification of wear post 
shear of these samples. 
 
 Measurement of virgin samples 
Figure 3.28 presents a diagram of an asperity and the associated geometrical parameters. 
These parameters are valid for the virgin samples as after shearing the asperity will suffer 
geometrical deformations. These parameters were selected since they represent the best 
descriptive geometrical characteristics of an asperity and are the following: 
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Figure 3.28. Diagram showing the parameters developed for measurements of virgin 
individual asperities 
• Geomembrane sheet thickness – represents the thickness of the geomembranes 
sheet. 
• Surface datum Δ0 – represents the top of the geomembrane sheet on which sits the 
asperity; this parameter is used when measuring the left and right side heights of 
the asperity; preliminary tests showed that these two heights are different due to the 
fact that the geomembrane sample does not lies completely flat on the scanning 
table; thus the surface datum is important in measuring the side heights. 
• Approaching side height has – represents the height of the asperity measured from 
the surface datum to the top on the approaching face. 
• Departure side height hds – represents the height of the asperity measured from 
the surface datum to the top on the departure face. 
• Top arc angle ψt - represents the angle of the top arc of the asperity. 
• Top arc radius Rt – represents the radius of the top arc angle of the asperity. 
• Approaching angle ψa – represents the angle of the front of the asperity; the front 
face of the asperity is facing the shear direction thus the angle formed between the 
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datum and the approaching face is considered to be entering the interface (Figure 
3.29). 
• Departure angle ψd – represents the angle at the back of the asperity; the back face 
of the asperity is facing the opposite way of the shear direction thus the angle 
formed between the datum and the departure face is considered to be exiting the 
interface (Figure 3.29). 
 
Figure 3.29. Diagram explaining the reasoning behind approaching and departure angles 
 Measurement of sheared samples 
Following the measurement of virgin geomembrane samples, post shear measurements 
were employed to obtain data required for a comprehensive analysis of the post shear 
geometrical deformation of the texture. It should be mentioned that post shear measurements 
will be conducted on the same samples on which pre shear measurement were done. This will 
allow the assessment of geometrical deformation on the same asperities, feature which is not 
present in the literature. 
In order to develop the post shear geometrical parameters, trial direct shear tests were 
conducted with the scope of analysing the asperities deformation with the 3D non-contact 
optical profiler. The deformed shapes were compared with the one of virgin asperities. Figure 
3.30a and Figure 3.30b presents the idealised shape of the asperities in virgin state and after 
shearing respectively. These idealised shapes were created by the author in order to present 
how the geometrical changes take place. Figure 3.30c presents a comparison between the 
virgin and the sheared asperity shapes, and the first major discrepancy between them is the 
change in top arc radius.  
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Figure 3.30. Diagram showing a) virgin asperity shape, b) deformed asperity shape, c) a 
comparison between the two asperities and the changes in top arc radius 
Although the top arc radius is a good indicator of the wear present on the asperities post 
shearing, the author decided to study more in depth the post shear geometrical changes of the 
asperities and obtain a list of parameters, which compared to the parameters gathered from the 
virgin samples, would provide with a detailed overview of the impact of wear on the 
geometrical changes of the asperities. The parameters developed were based on the initial 
virgin parameters, however as the sheared asperity was studied the surface deformations made 
necessary the introduction of additional parameters. The parameters for the individual sheared 
asperity are as follows and can be observed in Figure 3.31. 
 
Figure 3.31. Diagram showing the parameters developed for measurements of sheared 
individual asperities 
a
) 
c
) 
b
) 
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• Geomembrane sheet thickness – represents the thickness of the geomembranes 
sheet. 
• Surface datum Δ0 – represents the top of the geomembrane sheet on which sits the 
asperity; this parameter is used when measuring the left and right side heights of 
the asperity and also left and right side slope change heights. 
• Approaching side height has’ – represents the height of the sheared asperity 
measured from the surface datum to the top on the approaching face. 
• Departure side height hds’ – represents the height of the sheared asperity 
measured from the surface datum to the top on the departure face. 
• Asperity height h’ – represents the average between the approaching side height 
and the departure side height. 
• Point of slope change psca – represents the point on the approaching face of the 
asperity where the slope changes angle. 
• Point of slope change pscd – represents the point on the departure face of the 
asperity where the slope changes angle. 
• Top angle ψt’ - represents the angle of the top arc of the sheared asperity. 
• Top radius Rt’ – represents the radius of the top arc angle of the sheared asperity. 
• Approaching angle ψa1’ – represents the angle between the surface datum and the 
slope, below the point psca. 
• Approaching angle ψa2’ - represents the angle between the surface datum and the 
slope, above the point psca.  
• Departure angle ψd1’ – represents the angle between the surface datum and the 
slope below the point pscd. 
• Departure angle ψd2’ - represents the angle between the surface datum and the 
slope above the point pscd. 
The point of inflection on both departure and approaching faces was determined 
automatically by the post-processing software and represents the intersection between two 
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linear sections of the asperity side slope profile. Tangents to each of these sections were 
projected to a singular point of intersection to eliminate any curvature at this point; however, 
in most cases a clear singular point was well defined. This method also eliminates any human 
subjectivity and provides a mathematically rigorous and repeatable method. This is in 
agreement with the findings of Ramsey and Youngblood (2009) who reported a stable base 
and unstable peak in asperities.  
 Post shear sample dismounting 
One of the most important steps in obtaining high quality sheared samples is represented 
by the post shear manipulation of the samples. This is due to the fact that the geomembranes 
can suffer additional damage to the texture and sheet, which will induce errors in the 
interpretation of shear induced surface changes. As such the author developed a protocol, 
which was followed for the manipulation of each sheared sample in order to assure 
consistency, as follows: 
1. Remove upper loading assembly and loading plates.  
2. Remove the soil (if the test involved soil) using a desktop vacuum cleaner without 
damaging the surface. 
3. Using gloves, remove the geomembrane from the bottom box 
4. Cut the sample using shears in order to extract the area marked for scanning (Figure 
3.27) 
5. Individually store each sample in a different box, to avoid further wear, and store 
all the boxes in a temperature controlled room to avoid temperature induced 
deformations that could affect scanning 
 3D non-contact profiler scanning programme 
The 3D profiling programme consisted in the analysis of geomembrane samples pre and 
post shear using the 3D non-contact profiler. These samples were selected in order to analyse 
and quantify the changes in surface topography and can be observed in Table 3.30 to Table 
3.33. 
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Table 3.30. Samples selected for 3D profiling (pre-shear variability analysis) 
Direct shear tests code 
GM1/GT2-11 GM2/GT2-07 GM3/GT2-05 
GM1/GT2-09 GM2/GT2-06 GM3/GT2-04 
GM1/GT2-07 GM2/GT2-05 GM3/GT2-03 
GM1/GT2-05 GM2/GT2-04 GM3/GT2-02 
GM1/GT2-02 GM2/GT2-01 GM3/GT2-01 
GM1/GT2-22 GM2/GT2-19 GM3/GT2-12 
GM1/GT2-21 GM2/GT2-18 GM3/GT2-13 
GM1/GT2-20 GM2/GT2-17 GM3/GT2-14 
GM1/GT2-23 GM2/GT2-16 GM3/GT2-15 
 
 
Table 3.31. Samples selected for 3D profiling (analysis of wear development at different 
normal stresses for GM/GT interfaces) 
Direct shear tests code 
GM1/GT2-02 (50 kPa) GM2/GT2-01 (50 kPa) GM3/GT2-01 (50 kPa) 
GM1/GT2-05 (100 kPa) GM2/GT2-04 (100 kPa) GM3/GT2-02 (100 kPa) 
GM1/GT2-07 (200 kPa) GM2/GT2-05 (200 kPa) GM3/GT2-03 (200 kPa) 
GM1/GT2-09 (300 kPa) GM2/GT2-06 (300 kPa) GM3/GT2-04 (300 kPa) 
GM1/GT2-11 (400 kPa) GM2/GT2-07 (400 kPa) GM3/GT2-05 (400 kPa) 
GM1/GT2-14 (600 kPa) GM2/GT2-10 (600 kPa) GM3/GT2-06 (600 kPa) 
GM1/GT2-13 (800 kPa) GM2/GT2-11 (800 kPa) GM3/GT2-07 (800 kPa) 
 
Table 3.32. Samples selected for 3D profiling (analysis of wear evolution during 
displacement) 
Direct shear tests code 
GM1/GT2-20 (5 mm) GM2/GT2-16 (5 mm) GM3/GT2-12 (5 mm) 
GM1/GT2-21 (10 mm) GM2/GT2-17 (10 mm) GM3/GT2-13 (10 mm) 
GM1/GT2-22 (15 mm) GM2/GT2-18 (15 mm) GM3/GT2-14 (15 mm) 
GM1/GT2-23 (20 mm) GM2/GT2-19 (20 mm) GM3/GT2-15 (20 mm) 
 
Table 3.33. Samples selected for 3D profiling (analysis of wear development at different 
normal stresses for GM/S interfaces) 
Direct shear tests code 
GM1/S-01 (50 kPa) GM2/S-01 (50 kPa) GM3/S-01 (50 kPa) 
GM1/S-02 (100 kPa) GM2/S-02 (100 kPa) GM3/S-02 (100 kPa) 
GM1/S-03 (200 kPa) GM2/S-03 (200 kPa) GM3/S-03 (200 kPa) 
GM1/S-04 (300 kPa) GM2/S-04 (300 kPa) GM3/S-04 (300 kPa) 
GM1/S-05 (400 kPa) GM2/S-05 (400 kPa) GM3/S-05 (400 kPa) 
GM1/S-06 (600 kPa) GM2/S-06 (600 kPa) GM3/S-06 (600 kPa) 
GM1/S-07 (800 kPa) GM2/S-07 (800 kPa) GM3/S-07 (800 kPa) 
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3.7 Rapid prototyping of new texture patterns 
Following the study performed on the stress-strain response of the direct shear tests and 
sheared geosynthetic samples using the digital imaging techniques afore mentioned a different 
approach was taken in the development of new texture patterns that will improve interface 
shear strength. This approach was employed in order to produce textured geomembrane 
prototypes which could be tested. Rapid prototyping (RP) was used as it has been shown to 
reduce the design-manufacturing cycle considerably (Gibson and Shi, 1997). Three different 
RP methods were used in manufacturing prototypes as follows: Laser Thermal Ablation 
(LTA), Selective Laser Sintering (SLS) and Fused Filament Fabrication (FFF). 
 Machine used for RP 
 
 Laser Thermal Ablation (LTA) 
 
LTA is method in which unwanted material is removed from a smooth HDPE 
geomembrane. This is achieved by using a CO2 laser which was available in Loughborough 
University laboratories. Figure 3.32a presents the working principle behind the CO2 laser and 
in Figure 3.32b the actual device that was used can be observed. 
 
Figure 3.32. a) CO2 laser work principle; b) CO2 laser device 
Although this method presents a big advantage over the SLS in replicating the 
geomembranes used throughout the industry due to the fact that the finished samples are made 
from the same material, it shows limitations such as very slow prototyping time (up to 12 
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hours for complicated texture patterns), limited dimensional accuracy (variation between 
texture heights) and polymer changes due to the aggressive removal of the material. As such 
this technique was disregarded form this research. 
 
 Selective Laser Sintering (SLS) 
SLS was the chosen method for creating textured geomembrane prototypes as a large 
number of samples can be obtained in a short period of time in comparison with the LTA 
technique. Also this method proved to produce high accuracy samples, allowing for flexible 
designs in which textures can be easily varied.  
 
The samples were produced using a SLS machine which was available in the Department 
of Additive Manufacturing Research Group (AMRG) at Loughborough University. Figure 
3.33 shows the SLS machine used which is an EOS Formiga P100. This machine used a 
recoating blade to pull the powder across the build area and a thin slice thickness was 
implemented to allow good dimensional accuracy of the final build. The machine is equipped 
with a radiant heater above and two convectors beside the build chamber to control the 
temperature of the powder, this aspect being very important in the cooling of the build as 
shown by Goodridge et al., (2012). 
 
Figure 3.33. SLS machine used for creating textured geomembrane samples 
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The powder used in the SLS machine is made from polyamide (PA2200), as this material 
presents features that allows for high quality samples that can withstand high mechanical 
loads. The material properties can be observed in Table 3.34. As presented by Fowmes et. al., 
(2016) it is important to build the samples on vertically in order to avoid the risk of 
lamination between layers during shear. 
Table 3.34. Material properties of polyamide (PA2200) 
Property Test Method 
(Standard) 
Unit Value 
Elongation at break EN ISO 527 % 24 
Flexural modulus EN ISO 178 MPa 1500 
Flexural strenght EN ISO 178 MPa 58 
Charpy – Impact 
strength 
EN ISO 179 KJ/m2 53 
Charpy – Notched 
impact strength 
EN ISO 179 KJ/m2 4.8 
Izod – Impact 
strength 
EN ISO 180 KJ/m2 32.8 
Izon – Notched 
impact strength 
EN ISO 180 KJ/m2 4.4 
Ball indentation 
hardness 
EN ISO 2039 N/mm2 78 
Shore D - hardness ISO 868 n/a 75 
Melting poing EN ISO 11357-1 °C 172-180 
Vicat softening 
temperature B/50 
EN ISO 306 °C 163 
Vicat softening 
temperature A/50 
EN ISO 306 °C 181 
 
 Fused Filament Fabrication (FFF) 
In order to produce samples using FFF technique a Flashforge Finder FFF printer was used 
(Figure 3.34). Due to the fact that the resolution of this machine is inherently inferior with 
respect to the SLS EOS Formiga P100, only samples that replicated the standard asperities 
were printed. The material used for creating the samples was a Polylactic Acid (PLA), which 
represents a readily available and commercially accessible material for creating prototypes. 
The printing resolution for the samples was 0.10 mm with a later thickness of 0.10 mm at a 
positional accuracy of ±0.002mm. 
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Figure 3.34. FFF machine used for creating textured geomembrane samples 
 
 Design and testing of prototypes 
The prototypes were designed using AutoCAD 3D and exported to STL files which were 
compatible with the SLS machine and FFF machine. The designs can be observed in Figure 
3.35 and Figure 3.36. The standard asperity which was designed to replicate GM1 (presented 
in Figure 3.35 was created using both techniques RP techniques (SLS and FFF). It should be 
mentioned that due to the complex shape of the Hook asperity (Figure 3.36), only the SLS 
manufacturing technique could be used to produce the design, the FFF technique unable to 
reproduce this shape.  
The Hook asperity was developed after analysing the deformation of the asperities after 
shearing. The sheared samples analysed were obtained from the tests performed in Table 3.24. 
It was observed during testing that the asperity is subjected to extensive deformation during 
the first cycle of shearing, the sheared asperity shape being transformed in the shape of a 
hook. Following this, the author decided to analyse if the deformed shape has can produce a 
better interaction with the geotextile (creating the hook and loop). This was also studied by 
Hebeler et al., (2005), which focused on the interlocking mechanism from hook and loop 
interactions for geomembrane – geotextile interfaces. 
This was done be rotating the sheared geomembrane sample to 180º and shearing it against 
a virgin geotextile. The results presented in Section 4.6, showed that a hook asperity can 
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produce good interface shear strength, as such it was decided to try and replicate the shape 
using rapid prototyping techniques. The testing of the samples was performed on a small DSA 
(100x100 mm), due to the fact that this allowed for the creation and testing of a larger number 
of prototype samples, as at the time of doing the work, production of large prototyped 
samples was not technically feasible. Further work has been carried out in this area to develop 
bespoke equipment, however this is beyond the scope of this thesis. The displacement applied 
was limited to 17 mm, due to the limitation of the DSA. Also, as presented in Section 3.5.3 
the peak shear stress arrives between 5 and 15 mm of displacement, thus using a 17 mm 
displacement in the small DSA is enough to capture the peak behaviour. Although these 
interfaces exhibit strain softening behaviour (Thiel, 2001; Koerner and Bowman, 2003) the 
main focus was the study of the peak strength, as such the small DSA was suitable for testing. 
The shearing rate applied was 1 mm/min to maintain consistency and obtain comparable 
results with the testing programme presented in Section 3.5.1. 
 
 
Figure 3.35. Standard asperity design 
 
Figure 3.36. Hook asperity design 
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Table 3.35 to Table 3.37 presents the testing programme for the created prototypes. 
Different interfaces was tested in order to compare the created prototypes against the GM1 
and to observe the implications of changes in asperity shape. 
Table 3.35. Comparison between GM1 and LSSs (spiked) and FFFs (spiked) samples 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
Asperity type 
LSSs/GT2-01 LSSs-GT2 50 17 Spike 
LSSs/GT2-02 LSSs-GT2 200 17 Spike 
LSSs/GT2-03 LSSs-GT2 400 17 Spike 
GM1/GT2-04 GM1-GT2 50 17 Spike 
GM1/GT2-05 GM1-GT2 200 17 Spike 
GM1/GT2-06 GM1-GT2 400 17 Spike 
FFFs/GT2-07 FFF-GT2 50 17 Spike 
FFFs/GT2-08 FFF-GT2 200 17 Spike 
FFFs/GT2-09 FFF-GT2 400 17 Spike 
 
Table 3.36. Testing programme for LSSs (spiked asperities) and LSSh (hooked asperities) 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
Asperity 
Shape 
LSSs/GT2-01 LSS-GT2 50 17 Spike 
LSSs/GT2-02 LSS-GT2 200 17 Spike 
LSSs/GT2-03 LSS-GT2 400 17 Spike 
LSSh/GT2-10 LSS-GT2 50 17 Hook  
LSSh/GT2-11 LSS -GT2 200 17 Hook  
LSSh/GT2-12 LSS -GT2 400 17 Hook 
 
Table 3.37. Testing programme for LSSs and GM1 samples against sand 
Test Code Interface 
Normal 
stress 
σn 
(kPa) 
Displacement 
distance 
(mm) 
Asperity 
Shape 
LSSs/S-01 LSS-S 50 17 Spike 
LSSs/S-02 LSS-S 200 17 Spike 
LSSs/S-03 LSS-S 400 17 Spike 
GM1/S-04 GM1-S 50 17 Spike 
GM1/S-05 GM1-S 200 17 Spike 
GM1/S-06 GM1-S 400 17 Spike 
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CHAPTER 4  
RESEARCH FINDINGS 
4.1 Introduction 
This chapter presents the results obtained from the testing programmes presented in 
Chapter 3. The chapter is divided in the following sections: 
• Field monitoring study 
• Interface shear stress-strain analysis 
• Virgin geomembrane texture variability analysis  
• Post shear geomembrane wear analysis 
• Prototype geomembrane analysis 
4.2 Field Monitoring 
The measured displacements in the geomembrane (GM) are shown in Figure 4.1, whereby 
positive values are downslope movements. These represent relative displacements of points 
on the GM to the underlying subgrade, defined by a reference datum of the measuring table at 
the crest of the slope, which for the sake of this plot is assumed to be static. Large 
displacements (>100mm) were recorded on both tables on 05th September 2014. This 
corresponded to the placement of the first 500 mm of cover soils. Interestingly these 
displacements were upslope on Measuring Table 2 and downslope on Measuring Table 1. 
This can be attributed to placement direction of the bulldozer near to the edge of the 
geosynthetic area. Table 4.1 presents final displacements recorded on the 24th of November 
2014. As with the values presented in Figure 4.1, these are absolute displacements based on 
an assumed fixed datum of the monitoring table. 
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Table 4.1. Displacements at the end of the monitoring period. 
Location 
below the 
crest 
Measuring Table 1 Measuring Table 2 
GM 
[mm] 
GDL 
[mm] 
GM 
[mm] 
GDL 
[mm] 
10m 165 326 -111 -71 
15m 186 320 -129 -61 
20m 100 219 -102 -94 
 
 
Figure 4.1. Displacement in the geomembrane. Additional movements can be seen on both 
measuring tables on 26th September 2014 as a result of the second soil layer being placed. In 
this case all of the movements were downslope, despite an upslope placement of soils using a 
bulldozer. Although displacements were smaller than for the first soil layer, downslope 
displacements of up to 81mm were reported. 
Due to the installation process there were some wrinkles in the geomembrane following 
placement, therefore, strains development could not be directly inferred from the table 
measurements, and to report these as strains could be misleading and imply overstressing of 
the geomembrane when this was actually excess material being straightened over the slope. 
For this reason, the author has opted to retain “GM displacement values” rather than 
potentially misleading strain values. DEMEC gauges were installed to overcome this but were 
lost before meaningful data could be collected as presented in Section 3.3.1. 
Figure 4.2 presents the relative displacement between the GDL and GM. As with the GM 
displacements, two events dominate the time displacement chart. Firstly, relative movement 
of over 100mm are recorded during placement of the first 500mm of soil. These relative 
 107 | P a g e  
 
displacements are positive and show the GDL moving downslope relative to the GM. The 
second event shows relative movements of up to 23mm during the placement of the second 
soil layer. 
Approximate strain development calculation can be carried out based on the extensometers 
monitoring data. Final strains developed within the Geosynthetics are summarized in Table 
4.2. This provides only indicative information on the geosynthetics tensile condition, as local 
displacements might be affecting the reading that would not be representative for all of the 
sections. In simple terms the lower monitored sections (middle on the slope) of the 
Geosynthetics undergo compression. The top section is generally in tension, except for the 
GM Measuring Table 2, which indicates compression. This is in partial agreement with the 
numerical modelling by Fowmes and Zamara, (2014) which predicted areas in vicinity of the 
crest are expected to develop tensile strains, while lower sections of the slope undergo 
compression. The measured barrier layer GM tensile strains do not exceed 0.54%, while GDL 
strains undergoes compression, only one location indicates tensile strains of 0.2% on the 
Measuring Table 2. 
Table 4.2. Final strains, as per readings undertaken on the 26th of November 2014 
(negative value indicates contradiction) 
Location 
below the 
crest 
Measuring Table 1 Measuring Table 2 
GM [%} Upper GDL [%] GM [%] Upper GDL [%] 
10-15m 0.42 -0.12 -0.36 0.2 
15-20m -1.72 -2.02 0.54 -0.66 
 
 
Figure 4.2. Relative Displacement of the GDL and GM.  
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4.3 Development of peak shear strength and post-peak shear strength loss 
under various normal stresses 
 Geomembrane-geotextile interfaces 
The tests carried out on the GM1/GT1 interface (Table 3.5, Chapter 4) are presented in 
Figure 4.3 and Figure 4.4. Figure 4.3 shows the tests in which the normal stress used was 50 
kPa and the displacement distance of 80 mm. The values of the peak shear stress (τP) obtained 
were 22.24 kPa for GM1/GT1-01, 23.33 kPa for GM1/GT2-02 and 22.24 kPa for GM1/GT1-
03 respectively. The mean peak shear stress between the three tests is 22.61 kPa as seen in 
Table 4.3. The standard deviation (Stdev) is 0.63 kPa which translates in a Coefficient of 
Variability (COV) of 2.78 %, value significantly lower than the global dataset (COV of 27.5 
% for 50 kPa normal stress) presented by Sia and Dixon, (2007) and consistent with the 
repeatability dataset (COV of 5.3 % for 50 kPa normal stress) from the same authors. The 
peak shear stress was reached at 4 mm of displacement.  
Considering the shear stress at large displacements (τLD), it can be observed that the values 
for the three tests are similar, having a mean of 14.29 kPa (Table 4.3). The Stdev, is of 0.63 
kPa as in the case of τP, and the COV is 4.4 %, both within the values found by Sia and 
Dixon, (2007) for τLD. 
 
 
Figure 4.3. GM1/GT1 interface shear tests (50 kPa normal stress). 
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Table 4.3 Summary of results for GM1/GT1 interface (50 kPa normal stress). 
 
τP 
(kPa) 
τLD 
(kPa) 
GM1/GT1-01 22.24 13.57 
GM1/GT1-02 23.33 14.66 
GM1/GT1-03 22.24 14.66 
Mean (kPa) 22.61 14.29 
Stdev (kPa) 0.63 0.63 
COV (%) 2.78 4.40 
 
Figure 4.4 presents the tests in which the same interface was analysed with a displacement 
distance of 80 mm however the normal stress used was 400 kPa. The mean peak shear stress 
for this set of tests was of 185.57 kPa, with a Stdev of 4.60 kPa between the three tests. The 
COV present was of 2.48%, showing very low variability between the tests. The displacement 
distance for which the peak shear stress was reached was in the vicinity of 5 mm.  
Considering the large displacement shear stress, the mean shear stress was of 95.69 kPa, 
representing a drop of 51.5% with respect to the mean shear stress. The Stdev for τLD was 
found to be 5.46 kPa, with a COV of 5.71 %. The values are obtained are consistent with the 
values found by Sia and Dixon, (2007). 
 
Figure 4.4. GM1/GT1 interface shear tests (400 kPa normal stress). 
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Table 4.4. Summary of results for GM1/GT1 interface (400 kPa normal stress). 
  
τP 
(kPa) 
τLD 
(kPa) 
GM1/GT1-04 186.13 94.97 
GM1/GT1-05 180.71 101.48 
GM1/GT1-06 189.86 90.62 
Mean (kPa) 185.57 95.69 
Stdev (kPa) 4.60 5.46 
COV (%) 2.48 5.71 
 
Figure 4.5 presents the tests performed on GM1/GT2 interface (Table 3.6, Chapter 4) on 
80 mm of displacement with a normal stress of 50 kPa. Results presented in Table 4.5, show 
that the mean peak shear stress for the three tests was 28.04 kPa, with a Stdev of 3.81 kPa and 
ca COV of 13.6 %. The peak shear stress was reached for GM1/GT1-01 and GM1/GT1-03 at 
4 mm and for GM1/GT1-02 at 7.5 mm, averaging a peak displacement of 6.4mm. In 
comparison with tests performed with GM1/GT1 interface an increase of 5.43 kPa can be 
observed. The increase in peak shear stress signifies an increase of 20% with respect the 
GM1/GT1 interface. In terms of large displacement shear stress the results for the GM1/GM2 
interface showed that the mean τLD was of 17.90 kPa with a Stdev of 1.88 kPa and a COV of 
10.5%. The COV are within the global data set values for the geomembrane-geotextile 
interface as presented by Sia and Dixon, (2007). When comparing τLD of GM1/GT1 with the 
GM1/GT2 there is an increase of 3.61 kPa for the latter which represents a 20% increase. It 
can be observed that in both, peak shear stress and large displacement shear stress, the values 
increase by 20%, showing consistency between the tests.  
 
Figure 4.5. GM1/GT2 interface shear tests (50 kPa normal stress). 
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Table 4.5. Summary of results for GM1/GT2 interface (50 kPa normal stress). 
  
τP 
(kPa) 
τLD 
(kPa) 
GM1/GT2-01 27.68 18.99 
GM1/GT2-02 32.02 18.99 
GM1/GT2-03 24.42 15.73 
Mean (kPa) 28.04 17.90 
Stdev (kPa) 3.81 1.88 
COV (%) 13.60 10.50 
 
Figure 4.6 shows the stress-strain behaviour of the tests performed on the interface 
GM1/GT2 under 400 kPa of normal stress. The mean τP showed a value of 173.14 kPa with a 
Stdev of 5 kPa and a COV of 2.89%. The τP value for GM1/GT2 interface presented a 
decrease of 10.34 kPa in comparison with the value for GM1/GT1. The displacement at which 
the peak shear stress was reached had an average value of 8.41 mm. When analysing the τLD 
the mean value was of 106.90 kPa with a Stdev of 5.43 and a COV of 5.08%. When 
comparing the GM1/GT2 mean τLD with the values for GM1/GT1 interface an increase of 
11.21 kPa in the GM1/GT2 tests.  
In Figure 4.5 it can be observed that the shear stress build-up to the peak was not as 
consistent as the previous test. This is due to the fact that the geotextile stretches during the 
first 3 mm of the tests until it reaches equilibrium tension. As such in the 0-3 mm range the 
shear stress-displacement curves are not similar. 
 
Figure 4.6. GM1/GT2 interface shear tests (400 kPa normal stress). 
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Table 4.6. Summary of results for GM1/GT2 interface (400 kPa normal stress). 
 
τP 
(kPa) 
τLD 
(kPa) 
GM1/GT2-10 167.69 106.90 
GM1/GT2-11 177.53 101.48 
GM1/GT2-12 174.20 112.33 
Mean (kPa) 173.14 106.90 
Stdev (kPa) 5.00 5.43 
COV (%) 2.89 5.08 
 
For the GM1/GM2 interface tests were performed at 100 kPa, 200 kPa, 300 kPa, and later 
when SB2 (new shear box) was made available, at 600 kPa and 800 kPa. Figure 4.7 presents 
the results obtained after shearing for all the tests performed for this interface, including the 
50 kPa and the 400 kPa presented in Figure 4.5 and Figure 4.6. GM1/GT2-05 and 
GM1/GT2-05 were the tests in which the interface was tested at 100 kPa. The mean τP stress 
obtained was 49.93 kPa with a Stdev of 4.88 kPa and a COV of 9.78%. The mean τLD was of 
36.36 kPa with a Stdev of 1.08 kPa and a COV of 2.97%. The peak shear stress was reached 
at 5 mm for GM1/GT2-04 and at 7.5 mm for GM1/GT2-05, the later peak being attributed 
to the poor tensioning of the geotextile prior the start of the shearing. The 200 kPa tests had 
a mean τP of 99.31 kPa with a Stdev of 4.33 and a COV of 4.36. The mean τLD was of 66.74 
kPa, having a Stdev of 2.16 kPa and a COV of 3.35%. The peak shear was reached later 
than the previous tests, at 7.5 mm and 10 mm respectively. The results tests at 300 kPa 
(GM1/GT2-08 and GM1/GT2-09) showed values of 132.95 kPa for the mean τP with a 
Stdev of 5.42 and a COV of 4.08%. For τLD the mean value was 65.52 kPa with a Stdev of 
1.62 kPa and a COV of 1.7%. The high normal stress tests, 600 kPa and 800 kPa were run 
only once for each shear stress due to the reasons presented in Section 4.3.1. The results for 
the 600 kPa test (GM1/GT2-13) showed a τP of 283.95 kPa and a τLD of 157.65 kPa. 
GM1/GT2-14 (800 kPa normal stress) presented a τP 316.45 kPa and a τLD 131.93 kPa. 
Apart from the increase in shear stress, the high normal stress tests reached the peak shear 
stress at 17 mm displacement in comparison with the other tests that reached the peak 
between 4 and 10 mm of displacement. 
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Figure 4.7. GM1/GT2 interface shear tests (800, 600, 300, 200, 100 kPa normal stress). 
Table 4.7. Summary of results for GM1/GT2 interface (800, 600, 300, 200, 100 kPa 
normal stress). 
  
τP 
(kPa) 
τLD 
(kPa) 
GM1/GT2-04 45.04 37.44 
GM1/GT2-05 54.81 35.27 
Mean (kPa) 49.93 36.36 
Stdev (kPa) 4.88 1.08 
COV (%) 9.78 2.97 
GM1/GT2-06 94.96 66.74 
GM1/GT2-07 103.64 62.41 
Mean (kPa) 99.31 64.57 
Stdev (kPa) 4.33 2.16 
COV (%) 4.36 3.35 
GM1/GT2-08 127.52 97.13 
GM1/GT2-09 138.37 93.87 
Mean (kPa) 132.95 95.50 
Stdev (kPa) 5.42 1.62 
COV (%) 4.08 1.70 
GM1/GT2-13 283.95 157.65 
GM1/GT2-14 316.45 131.93 
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The next interface tested was the interface GM2/GT1. The result presented in Figure 4.8 
shows the tests performed for this interface at 50 kPa in normal stress over a total 
displacement of 80mm. The mean τP reached was of 32.74 kPa between the three tests, having 
a Stdev of 3.31 kPa and a COV of 10.12%. Although the values of the COV is slightly higher 
than in the previous interfaces it is still within the ranges of the global dataset presented by 
Sia and Dixon, (2007). The τP was reached at an average distance of 6.2 mm of displacement. 
Considering large displacements the τLD presented a mean of 15.74 kPa, signifying a post-
peak shear stress reduction of 52%. The Stdev of for the τLD is 2.87 kPa with a COV of 
18.27%. Comparing the 50 kPa results of the GM2/GT1 interface with the results of 
GM1/GT1 interface (presented in Figure 4.3 and Table 4.3), an increase of 31% in peak shear 
stress and a 9% increase in large displacement shear can be observed. 
 
Figure 4.8. GM2/GT1 interface shear tests (50 kPa normal stress). 
 
Table 4.8. Summary of results for GM2/GT1 interface (50 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM2/GT1-01 29.84 12.48 
GM2/GT1-02 36.36 16.82 
GM2/GT1-03 32.02 17.91 
Mean (kPa) 32.74 15.74 
Stdev (kPa) 3.31 2.87 
COV (%) 10.12 18.27 
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Figure 4.9 presents the tests performed on the same interface (GM/GT1) at 400 kPa normal 
stress under 80mm of displacement. The mean τP was of 326.6 kPa with a Stdev of 7.48 kPa 
and a COV of 2.29%. This was reached at an average displacement of 9.55 mm between the 
three tests. Regarding the τLD the mean value obtained was of 98.57 kPa with a Stdev of 6.19 
kPa and a COV of 6.27%. As presented in the 50 kPa test series for this interface, a 
comparison between the behaviour of GM1 and GM2 was performed. The results showed an 
increase of 43% in mean τP shear stress and an increase of 3% in mean τL when testing the 
interface using GM2. 
 
Figure 4.9. GM2/GT1 interface shear tests (400 kPa normal stress). 
 
Table 4.9. Summary of results for GM2/GT1 interface (400 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM2/GT1-07 318.83 91.68 
GM2/GT1-08 327.23 100.39 
GM2/GT1-09 333.74 103.64 
Mean (kPa) 326.60 98.57 
Stdev (kPa) 7.48 6.19 
COV (%) 2.29 6.27 
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Figure 4.10 presents the GM2/GT1 tests in which the normal stress range was from 50 kPa 
to 400 kPa. However, the high normal stresses tests are missing due to the fact that the DSA 
which allowed the testing at this normal stresses was made available during the late stages of 
the project as presented in Chapter 3, Section 3.4.1. The 50 kPa and 400 kPa tests results were 
presented in Figure 4.8, Figure 4.9, Table 4.8 and Table 4.9. The τP for the 100 kPa 
(GM2/GT1-04), 200 kPa (GM2/GT1-05) and 300 kPa (GM2/GT1-06) were 73.26 kPa, 
158.16 kPa and 221.96 kPa respectively as it can be seen in Table 4.10. The displacement at 
which the τP was reached was 6.8 mm for GM2/GT1-04, 7.9 mm for GM2/GT1-05 and 9.2 
mm for GM2/GT1-06. The results for the τLD were 20.08 kPa, 53.72 kPa and 221.96 kPa 
respectively.  
 
Figure 4.10. GM2/GT1 interface shear tests (400, 300, 200, 100 and 50 kPa normal stress). 
Table 4.10. Summary of results for GM2/GT1 interface (300, 200 and 100 kPa normal 
stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM2/GT1-04 73.26 20.08 
GM2/GT1-05 148.14 53.72 
GM2/GT1-06 221.96 71.09 
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One feature that distinguishes GM2 from GM1 is the post-peak behaviour of the interface 
which features undulations in the case of the GM2/GT1. These undulations were observed 
only in the case of the interfaces in which had GM2 as a component. The undulations were 6 
mm apart which was found to be the same distance as the distance between two asperities on 
the geomembrane sample. 
Figure 4.11 and Table 4.11 presents the tests in which GM2/GT2 interface was tests at a 
normal stress of 50 kPa during 80mm of displacement. The mean τP was 31.30 kPa, having a 
Stdev of 3.32 kPa and a COV 10.59. The τP was reached at an average of 6.7 mm which is 
consistent with the results obtained in the GM1/GT2. The mean value of τLD was 13.21 kPa 
having a Stdev of 1.66 kPa and a COV of 12.55%. The post-peak shear stress drop was of 
57%. The τP values were lower with 5%, whereas the values of τLD were 15% lower in the 
case of GM2/GT2 when comparing with GM2/GT1 interface. The undulating patterns are 
present in these tests as well, confirming that these patterns are a function of the 
geomembrane texture geometry, rather than the geotextile. 
 
Figure 4.11. GM2/GT2 interface shear tests (50 kPa normal stress). 
Table 4.11. Summary of results for GM2/GT2 interface (50 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM2/GT2-01 27.68 11.40 
GM2/GT2-02 34.19 14.66 
GM2/GT2-03 32.02 13.57 
Mean (kPa) 31.30 13.21 
Stdev (kPa) 3.32 1.66 
COV (%) 10.59 12.55 
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The tests in which GM2/GT2 interface was subjected to 400 kPa normal stress are 
presented in Figure 4.12 and Table 4.12. The mean τP was of 289.24 kPa, having a Stdev of 
8.20 kPa and a COV of 2.83%. The average displacement distance at which the interfaces 
reached the τP was 11.90 mm. The mean τLD was 104.01 kPa with a Stdev of 1.25 kPa and a 
COV 1.20%. The post-peak shear stress was of 64%, 7% higher than in the case of the 50 kPa 
tests. The undulating pattern is still present at this normal stress as well, showing that with the 
increase of normal stress the behaviour of the interface does not change. 
 
Figure 4.12. GM2/GT2 interface shear tests (400 kPa normal stress). 
Table 4.12. Summary of results for GM2/GT2 interface (400 kPa normal stress). 
  
ΤP (kPa) 
τLD 
(kPa) 
GM2/GT2-07 296.84 104.73 
GM2/GT2-08 290.32 102.57 
GM2/GT2-09 280.56 104.73 
Mean (kPa) 289.24 104.01 
Stdev (kPa) 8.20 1.25 
COV (%) 2.83 1.20 
 
This interface was tested across the full range of 100 kPa, 200 kPa, 300 kPa, 600 kPa and 
800 kPa. The results are presented in Figure 4.13 and Table 4.13. The τP value for the 100 kPa 
test (GM2/GT2-04) was 72.17 kPa, an increase of 56% in shear stress with respect to the 50 
kPa tests, and the displacement distance was of 10.18 mm. The τLD value was 27.56 kPa, 
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signifying a post-peak shear stress loss of 61%. The results for the 200 kPa test (GM2/GT2-05) 
were 152.49 kPa for the τP, value reached at 11.5 mm of displacement, and 62.41 kPa for τLD. 
The post-peak shear stress loss represents 59% of the τP value. The 300 kPa test (GM2/GT2-
06) showed a value of τP 236.05 kPa, reached at 13.16 mm, and a τLD of 79.76 kPa. The post-
peak shear stress loss was of 66%. The high normal stress tests were performed at 600 kPa 
(GM2/GT2-10) and 800 kPa (GM2/GT2-11) respectively. The τP for GM2/GT2-10 was of 
330.63 kPa whereas the τLD showed a value of 145.77 kPa, signifying a post-peak shear stress 
reduction of 56%. The last test performed for this interface was the 800 kPa tests, for which 
the τP value was of 405.04 kPa. The τLD value was of 192.77 kPa, quantifying a loss of 52% in 
shear stress from the peak. An important aspect that needs studying is the displacement at 
which the interface reaches peak shear stress. It can be observed that the displacement 
distance for which the interface reaches peak shear stress is constantly increasing as the 
normal stress applied on the interface increases. The peak shear stress displacement increases 
from 6.5 mm in the case of the 50 kPa test (GM2/GT2-01) to 13.5 mm in the case of the 400 
kPa test (GM2/GT2-09) to 20 mm in the case of 800 kPa test (GM2/GT2-11). This denotes 
that the geomembrane texture yields during shearing and the geotextile stretches, their 
combination resulting in the increase of peak shear stress displacement. 
 
Figure 4.13. GM2/GT2 interface shear tests (800, 600, 400, 300, 200, 100 and 50 kPa 
normal stress). 
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Table 4.13. Summary of results for GM2/GT1 interface (800, 600, 300, 200 and 100 kPa 
normal stress). 
 τP (kPa) 
τLD 
(kPa) 
GM2/GT2-04 72.17 27.68 
GM2/GT2-05 152.49 62.41 
GM2/GT2-06 236.05 79.76 
GM2/GT2-10 330.63 145.77 
GM2/GT2-11 405.04 192.77 
 
The undulating pattern is present in this set of tests as well, however, when analysing the 
higher normal stress tests, it can be observed that the undulations are less pronounced. In the 
case of the 600 kPa tests the undulations as still present, however their amplitude is 
significantly lower than in the case of the 200, 300 and 400 kPa tests. When increasing the 
normal stress even more, the post-peak undulating pattern is almost disappearing. This 
phenomenon is a cause of the wear induced on the geomembrane by the normal stress and the 
interaction with the geosynthetic. 
The following set of tests were the ones in which the geomembrane used was GM3 in 
conjunction with GT2. For this interface tests were performed at the full range of normal 
stresses. Figure 4.14 and Table 4.14 present the shear stress – displacement curves and a 
summary of the interface results after shearing. It should be mentioned that due to the reduced 
availability of GM3 only one tests for each interface was performed. GM3/GT2-01 is the tests 
in which the applied normal stress was 50 kPa. The results showed a τP of 34.19 kPa and a τLD 
of 16.82 kPa, quantifying a post-peak shear stress loss of 51%. The peak shear stress 
displacement was 9.8 mm which it 3 mm later in comparison with the GM1/GT2 and 
GM2/GT2 interface tests. The 100 kPa tests (GM3/GT2-02) reached τP at 12.6 mm having a 
value of 72.17 kPa, while the τLD registered 27.67 kPa, meaning that the post-peak shear 
stress loss was of 62%. GM3/GT2-03 was the test in which the applied normal stress was 200 
kPa. The results showed a τP of 152.49 kPa reached at a displacement of 18.1 mm. The τLD 
presented a value of 62.41 kPa showing a loss of 59% from the τP value. The 300 kPa tests 
(GM3/GT2-04) reached τP at 19.3 mm and registered a value of 236.05 kPa, while τLD showed 
a loss of 66% from the peak shear stress, having a value of 79.76 kPa. GM3-GT2-05, the 400 
kPa normal stress tests, peaked at a value of 302.27 kPa at 23.9 mm of displacement. The τLD 
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showed a value of 127.57 kPa, resulting in a post-peak shear stress reduction of 58%. The 
high normal stress tests, 600 kPa and 800 kPa (GM3/GT2-06 and GM3/GT2-07) reached τP 
values of 402.19 kPa and 471.93 kPa respectively. These values were reached at 18.8 mm of 
displacement for the 600 kPa tests and at 14.8 for the 800 kPa test. The τLD recorded values of 
178.90 kPa for GM3/GT2-06, meaning a post-peak shear stress reduction of 55%, and 219.05 
kPa for GM3/GT2-07, signifying a reduction of 54% in shear stress. 
 
Figure 4.14. GM3/GT2 interface shear tests (800, 600, 400, 300, 200, 100 and 50 kPa 
normal stress). 
Table 4.14. Summary of results for GM2/GT1 interface (800, 600, 400, 300, 200, 100 and 
50 kPa normal stress). 
 τP (kPa) 
τLD 
(kPa) 
GM3/GT2-01 34.19 16.82 
GM3/GT2-02 72.17 27.67 
GM3/GT2-03 152.49 62.41 
GM3/GT2-04 236.05 79.76 
GM3/GT2-05 302.27 127.52 
GM3/GT2-06 402.19 178.90 
GM3/GT2-07 471.93 219.05 
 
The following set of tests was planned in order to assess the behaviour of a smooth 
geomembrane (GM4) against geotextiles (GT1 and GT2). Also this set of tests was performed 
to observe the influence of the geotextile thickness during direct shearing. Figure 4.15 
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presents the results of GM4/GT1 interface sheared at 50 kPa. It can be observed that the τP 
showed a mean of 11.40 kPa with a Stdev of 1.08 kPa. The shear stress – displacement curves 
for all three tests in Figure 4.15 exhibit the same behaviour without any discrepancies. When 
studying τLD the values obtained are lower than the peak values, which is counter indicative of 
how the interface behaves. The mean value is of 5.25 kPa with a standard deviation of 0.62 
kPa and a COV of 11.86%. However this lower values are attributed to the recording device 
noise, as the shear stress – displacement curves do not show any drop in shear stress, whereas 
the values recorded show reduction of 55% which is not present on the plot in Figure 4.15.  
 
Figure 4.15. GM4/GT1 interface shear tests (50 kPa normal stress). 
 
Table 4.15. Summary of results for GM4/GT1 interface (50 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM4/GT1-01 10.31 4.89 
GM4/GT1-02 12.48 5.97 
GM4/GT1-03 11.40 4.89 
Mean (kPa) 11.40 5.25 
Stdev (kPa) 1.08 0.62 
COV (%) 9.51 11.86 
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Tests on this interface were also performed at 400 kPa normal stress to observe if there is 
any difference in behaviour with respect to the lower normal stress. Figure 4.16 presents the 
tests in which the normal stress applied was 400 kPa on the same interface GM4/GT1. When 
analysing the shear stress – displacement plots, it can be observed that there is a more 
significant post-peak shear strength drop in comparison with the tests presented in Figure 
4.15. The τP values obtained have a mean of 69.45 kPa with a Stdev of 0.54 kPa and a COV 
of 0.78% which show that the geomembrane and geotextile behaviour during shear is 
consistent.  
 
Figure 4.16. GM4/GT1 interface shear tests (400 kPa normal stress). 
 
Table 4.16. Summary of results for GM4/GT1 interface (400 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM4/GT1-04 68.92 53.72 
GM4/GT1-05 70.00 55.90 
GM4/GT1-06 69.44 55.45 
Mean (kPa) 69.45 55.03 
Stdev (kPa) 0.54 1.15 
COV (%) 0.78 2.09 
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Figure 4.17 presents the tests performed on the GM4/GT2 interface at 50 kPa normal 
stress, with the peak and residual shear stress values presented in Table 4.17. The three tests 
exhibited a mean τP of 11.40 kPa, all of the three tests having the exact τP, showing no 
variability. Analysing the τLD the mean value was found to be 4.89 kPa, having a Stdev of 
1.08 kPa and a COV of 22.18%. The high COV is attributed to the noise of the recording 
device, which can be observed on the stress strain plots as well. However, disregarding the 
noise of the recording device, the behaviour exhibited is constant, showing low variability 
between the tests. 
 
Figure 4.17. GM4/GT2 interface shear tests (50 kPa normal stress). 
Table 4.17. Summary of results for GM4/GT2 interface (50 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM4/GT2-01 11.40 5.97 
GM4/GT2-02 11.40 3.80 
GM4/GT2-03 11.40 4.89 
Mean (kPa) 11.40 4.89 
Stdev (kPa) 0.00 1.08 
COV (%) 0.00 22.18 
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The same interface, GM4/GT2 was tested at 400 kPa as well, with the stress-strain plots 
presented in Figure 4.18 and the τP and τLD values shown in Table 4.18. In comparison with 
the 50 kPa tests performed on this interface, the peak shear stress is more pronounced having 
a mean of 89.29 kPa with a Stdev of 3.04 kPa and COV of 3.41% showing low variability. 
The mean τLD showed a decrease of 17.12 kPa in comparison with τP, having a mean value of 
72.12 kPa with a 1.88 kPa Stdev and a 2.60% COV. 
 
Figure 4.18. GM4/GT2 interface shear tests (400 kPa normal stress). 
 
Table 4.18. Summary of results for GM4/GT2 interface (400 kPa normal stress). 
  
τP (kPa) 
τLD 
(kPa) 
GM4/GT2-04 92.80 74.34 
GM4/GT2-05 87.37 71.09 
GM4/GT2-06 87.72 71.09 
Mean (kPa) 89.29 72.17 
Stdev (kPa) 3.04 1.88 
COV (%) 3.41 2.60 
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 Geomembrane-soil interfaces 
 
As well as geomembrane-geotextile interfaces, also geomembrane-soil interface shear tests 
were performed. LBS was selected in order to control the number of variables affecting the 
results. As such geomembrane-sand interface were performed at the full range of normal 
stresses (50 kPa to 800 kPa) with the results presented in Figure 4.19-Figure 4.22 and  
Table 4.19-Table 4.22. Unlike the geomembrane-geotextile interface shear tests, where 
some of the interface were tested three times for repeatability and validation purposes, the 
tests which involved geomembrane-soil were tested only once due to time constraints. 
 
Figure 4.19 and Table 4.19 present the shear stress - displacement and the τP and τLD 
values for the GM1/S interface. The 50 kPa (GM1/S-01) test showed τP of 46.12 kPa, while 
the τLD recorded a value of 29.84 kPa. The 100 kPa test (GM1/S-02) recorded values of 76.43 
kPa for τP and 63.48 kPa for τLD respectively. The 200 kPa (GM1/S-03) test showed τP of 
162.26 kPa, while the τLD recorded a value of 134.03 kPa. The 300 kPa (GM1/S-04) test 
recorded values of 212.17 kPa for τP and 183.96 kPa for τLD respectively. The test in which the 
normal stress was 400 kPa (GM1/S-05) presented values of 287.06 kPa for τP and 265.36 kPa 
for τLD. The high normal stresses represented by the GM1/S-06 (600 kPa) and GM1/S-07 (800 
kPa) recorded τP values of 386.77 kPa and 484.18 kPa respectively while the τLD had values 
of 254.99 kPa and 454.99 kPa. The shear stress reduction post τP recorded values of 35% for 
the 50 kPa test, 15.8% for the 100 kPa test, 17.39% for the 200 kPa test, 13.29% for the 300 
kPa test, 7.55% for the 400 kPa test, 8.21% for the 600 kPa test and 6.02% for the 800 kPa 
test, showing that the reduction in post-peak shear stress is more accentuated at lower normal 
stresses than at higher normal stresses. 
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Figure 4.19. GM1/S interface shear tests (50 kPa – 800 kPa normal stress). 
Table 4.19. Summary of results for GM1/S interface (50 - 800 kPa normal stress). 
 τP (kPa) 
τLD 
(kPa) 
GM1/S-01 46.12 44.84 
GM1/S-02 75.43 63.48 
GM1/S-03 162.26 134.03 
GM1/S-04 212.17 183.96 
GM1/S-05 287.06 265.36 
GM1/S-06 386.77 354.99 
GM1/S-07 484.18 454.99 
 
Figure 4.20 and Table 4.20 and present the shear stress - displacement and the τP and τLD 
values for the GM2/S interface. The 50 kPa (GM2/S-01) test showed τP of 39.61 kPa, while 
the τLD recorded a value of 27.68 kPa. The 100 kPa test (GM2/S-02) recorded values of 80.86 
kPa for τP and 63.49 kPa for τLD respectively. The 200 kPa (GM2/S-03) test showed τP of 
155.74 kPa, while the τLD recorded a value of 139.47 kPa. The 300 kPa (GM2/S-04) test 
recorded values of 244.74 kPa for τP and 204.59 kPa for τLD respectively. The test in which the 
normal stress was 400 kPa (GM2/S-05) presented values of 289.90 kPa for τP and 266.44 kPa 
for τLD. The high normal stresses represented by the GM2/S-06 (600 kPa) and GM2/S-07 (800 
kPa) recorded τP values of 377.00 kPa and 475.00 kPa respectively while the τLD had values 
of 346.79 kPa and 461.61 kPa. The shear stress reduction post τP recorded values of 30.11% 
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for the 50 kPa test, 21.48% for the 100 kPa test, 10.44% for the 200 kPa test, 16.40% for the 
300 kPa test, 8.09% for the 400 kPa test, 8.01% for the 600 kPa test and 9.13% for the 800 
kPa test. The post-peak shear stress reduction observed for GM1 geomembrane, is present 
also for the GM2/S interface, having a similar behaviour with accentuated post-peak shear 
stress reduction at lower normal stress in comparison with the high normal stresses where the 
post-peak reduction is significantly lower. 
 
Figure 4.20. GM2/S interface shear tests (50 kPa – 400 kPa normal stress). 
Table 4.20. Summary of results for GM2/S interface (50 - 800 kPa normal stress). 
 τP (kPa) 
τLD 
(kPa) 
GM2/S-01 39.61 27.68 
GM2/S-02 80.86 63.49 
GM2/S-03 155.74 139.47 
GM2/S-04 244.74 204.59 
GM2/S-05 284.90 266.44 
GM2/S-06 377.00 346.79 
GM2/S-07 475.00 431.68 
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GM3 sand interface tests are shown in Figure 4.21 and Table 4.21. The 50 kPa (GM3/S-01) 
test showed τP of 43.96 kPa, while the τLD recorded a value of 29.84 kPa. The 100 kPa test 
(GM3/S-02) recorded values of 83.03 kPa for τP and 65.67 kPa for τLD respectively. The 200 
kPa (GM3/S-03) test showed τP of 151.40 kPa, while the τLD recorded a value of 125.36 kPa. 
The 300 kPa (GM3/S-04) test recorded values of 228.47 kPa for τP and 195.90 kPa for τLD 
respectively. The test in which the normal stress was 400 kPa (GM3/S-05) presented values of 
295.76 kPa for τP and 264.28 kPa for τLD. The high normal stresses represented by the 
GM3/S-06 (600 kPa) and GM3/S-07 (800 kPa) recorded τP values of 382.78 kPa and 505.28 
kPa respectively while the τLD had values of 357.97 kPa and 467.83 kPa. The shear stress 
reduction post τP recorded values of 32.12% for the 50 kPa test, 20.91% for the 100 kPa test, 
17.19% for the 200 kPa test, 14.25 % for the 300 kPa test, 10.64% for the 400 kPa test, 6.48% 
for the 600 kPa test and 7.41% for the 800 kPa test. As in the case of GM1/S and GM2/s 
interfaces the same post-peak shear stress reduction is present for the GM3/S interface. 
 
Figure 4.21. GM3/S interface shear tests (50 kPa – 400 kPa normal stress). 
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Table 4.21. Summary of results for GM3/S interface (50 - 800 kPa normal stress). 
 τP (kPa) 
τLD 
(kPa) 
GM3/S-01 43.96 29.84 
GM3/S-02 83.03 65.67 
GM3/S-03 151.40 125.36 
GM3/S-04 228.47 195.90 
GM3/S-05 295.76 264.28 
GM3/S-06 382.78 357.97 
GM3/S-07 505.28 467.83 
 
Although the geomembranes have different geometrical characteristics, the behaviour 
when placed in conjunction with sand is similar, presenting appropriate values and closely 
related post-peak shear stress reduction behaviour. 
As presented in Section 3.5.2.4, tests against clay were performed to assess the behaviour 
of the interface against very fine-grained soils. The results of the GM2/C interface are 
presented in Figure 4.22 and Table 4.22. The tests performed at 50 kPa (GM2/C-01 to 
GM2/C-03) presented an average value of 22.42 kPa for τP, with the τLD coinciding with τP 
showing that the interface of GM2/C tested at 50 kPa would have reached peak at 
displacements larger than 80 mm. The tests at 400 kPa (GM2/C-04 to GM2/C-06) showed 
higher discrepancy of results, with the τP recording values of 49.38 kPa for GM2/C-05 and 
47.21 kPa for GM2/C-06 while GM2/C-04 presented a value of 64.58 kPa. The inconsistency 
was found at τLD as well, the result following the patter of τP. This variation in values for 400 
kPa is attributed to the set up conditions, the moisture content and density at which the clay 
was compacted in the shear box, showing the difficulty in replicating tests for geomembrane-
clay interfaces. 
 
Figure 4.22. GM2/C interface shear tests (50 kPa and 400 kPa normal stress). 
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Table 4.22. Summary of results for GM2/C interface (50 kPa and 400 kPa normal stress). 
 τP (kPa) 
τLD 
(kPa) 
GM2/C-01 29.36 n/a 
GM2/C-02 24.42 n/a 
GM2/C-03 21.49 n/a 
GM2/C-04 64.58 53.72 
GM2/C-05 49.38 43.96 
GM2/C-06 47.21 40.7 
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4.4 Geomembrane texture pre-shear variability analysis 
This section will study the geometrical characteristics of the texture of the geomembranes 
used in this research. Variability analysis will be performed taking into consideration various 
geometrical characteristics of the individual asperities for each geomembrane. For the 
variability analysis the following characteristics will be analysed in order to obtain an 
overview on the variation of the asperities on the geomembrane: 
• Height h 
• Top angle ψt 
• Top radius Rt 
• Approaching angle ψa 
• Departure angle ψd 
One sample was scanned for the tests at each normal stress up to 800 kPa (50 kPa, 100 
kPa, 200 kPa, 300 kPa, 400 kPa, 600 kPa and 800 kPa), one sample was scanned for each test 
in which the displacement distance was altered (5mm, 10mm, 15mm, and 20 mm). These 
measurements, on top of being selected for variability analysis, were part of a study in which 
each individual asperity was scanned before and after to analyse the geometrical changes 
induced by the shearing process. However, it should be mentioned that not all the samples 
from the 3D non-contact profiler scanning programme were selected for pre shear 
measurements due to limited availability of the scanning hardware. 
Shapiro-Wilk analyses have been performed to establish the normal distribution of the 
virgin asperities parameters. The Shapiro-Wilk analysis was performed due to the fact that is 
applicable for data sets which have between 3 and 50 samples (Shapiro and Wilk, 1965), 
whereas T-Test and ANOVA analysis require more than 30 samples. These analyses have 
been used in the results to demonstrate the confidence bands in the results. The results of the 
analyses are presented for each parameter studied for all three geomembranes. 
 Geomembrane 1 (GM1) 
Table 4.23 present the variability study for 9 GM1 samples scanned with the 3D non-
contact profiler. Each samples had 5 asperities scanned and the results were compiled for each 
sample. The GM1/GT2-11 sample showed an average asperity height of 1.03 mm, a top angle 
of 133°, a top radius of 0.445 mm, an approaching angle of 122° and a departure angle of 
119°. In terms of Stdev and COV the results show little to no variability with the top angle 
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having the most variation of 5.36%. Sample GM1/GT2-09 results showed a mean asperity 
height of 0.99 mm with a top angle of 137°, a top radius of 0.462 mm, and approaching angle 
of 121° and a departure angle of 119°. Comparing to the results from sample GM1/GT2-11, a 
decrease in asperity height of 0.04 mm is observed, an increase in top angle and top radius of 
4° and 0.17 mm respectively, and an increase in approaching angle of 1° with the departure 
angle having the same value. These slight differences can be observed throughout the rest of 
the 7 samples presented in Table 4.23. All of the results from Table 4.23 were compiled and 
are presented in Table 4.24. 
Table 4.23. Summary of the variability analysis performed on 9 GM1 samples. 
Geomembrane sample taken from interface GM1/GT2-11 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.03 133 0.44 122 119 
Stdev 0.01 7.14 0.00 0.00 1.02 
COV 0.66 5.36 1.09 0.00 0.86 
Geomembrane sample taken from interface GM1/GT2-09 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 0.99 137 0.46 121 119 
Stdev 0.01 5.84 0.02 1.10 0.80 
COV 0.84 4.26 4.28 0.91 0.67 
Geomembrane sample taken from interface GM1/GT2-07 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 0.96 130 0.47 121 120 
Stdev 0.01 7.35 0.02 1.41 1.33 
COV 1.45 5.65 3.91 1.17 1.11 
Geomembrane sample taken from interface GM1/GT2-05 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.00 122 0.40 124 121 
Stdev 0.02 6.41 0.01 1.36 1.33 
COV 2.38 5.27 2.97 1.10 1.09 
Geomembrane sample taken from interface GM1/GT2-02 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.03 128 0.43 121 120 
Stdev 0.02 0.01 0.02 1.02 0.75 
COV 1.52 0.01 4.65 0.85 0.62 
Geomembrane sample taken from interface GM1/GT2-22 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.00 1455 0.45 118 122 
Stdev 0.01 6.18 0.01 0.71 0.00 
COV 0.91 4.25 3.32 0.60 0.00 
Geomembrane sample taken from interface GM1/GT2-21 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 0.94 130 0.43 121 121 
Stdev 0.04 7.84 0.02 1.20 2.48 
COV 4.19 6.05 4.78 1.00 2.05 
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Geomembrane sample taken from interface GM1/GT2-20 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.02 128 0.44 120 121 
Stdev 0.01 4.27 0.01 0.75 0.80 
COV 0.53 3.33 1.56 0.62 0.66 
Geomembrane sample taken from interface GM1/GT2-23 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.04 137 0.42 120 119 
Stdev 0.01 7.08 0.01 0.63 3.03 
COV 0.93 5.18 3.44 0.53 2.55 
 
As mentioned above, every selected sample that was scanned had 5 different asperities, in 
order to create a larger dataset for variability analysis. Thus, for every parameter a histogram 
was created in which all the measured values were plotted against the frequency that they 
appeared in the results. These plots are presented in Figure 4.20 
Figure 4.23 presents the asperity height histogram. The height distribution covers a range 
from 0.90 mm to 1.06 mm. The average was calculated for all the values and was found to be 
1 mm which is in concordance with the manufacturer data sheet presented in Chapter 3, 
Section 3.2.1. Although, it seems that the values show a with array of heights, after variability 
analysis, which is presented in Table 4.24, the Stdev is of 0.02 mm with a COV of 1.81%, 
which show a very low degree of variability among the asperities in terms of height.  
The Shapiro-Wilk analysis returned a p value of 0.03 which is smaller than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is rejected, thus the 
data set is not normally distributed and slightly right skewed. 
 
Figure 4.23. Asperity height distribution for GM1 samples. 
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The following parameter studied was the top angle which is presented in Figure 4.24. The 
distribution covers a wider range, compared with the asperity height distribution, ranging 
from 115° to 155°. The average top angle was found to be 132°, having a 7.12° Stdev and a 
COV of 5.39%. Although the Stdev and COV values are slightly higher than in the case of the 
asperity height, it should not be concerning as they are within the variability values found by 
(Sia and Dixon, 2007). 
The Shapiro-Wilk analysis returned a p value of 0.915 which is higher than the α value of 
0.05. This signifies that the null hypothesis is retained with a confidence of 95%, thus the data 
set is normally distributed. 
 
Figure 4.24. Top angle distribution for GM1 samples. 
Figure 4.25 presents the distribution of the top radius within the scanned samples. The 
values have a range from 0.39 mm to 0.49 mm. The average top radius value was calculated 
to be 0.44 mm with a Stdev of 0.02 mm and a COV of 3.56%. These values show very low 
variability showing consistence between the asperities. Also the top angle and the top radius 
are connected, as such combining and analysing the values of both parameters, shows a higher 
degree of consistency between the asperities. 
The Shapiro-Wilk analysis returned a p value of 0.90 which is higher than the α value of 
0.05. This signifies that the null hypothesis is retained with a confidence of 95%, thus the data 
set is normally distributed. 
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Figure 4.25. Top radius distribution for GM1 samples. 
Analysing the approaching angle distribution, presented in Figure 4.26, it can be observed 
that the value ranges from 117° to 126°, however the majority of the values are found to be in 
the 120° to 122° range, with the average being 121°. The average shows a Stdev of 1.00° and a 
COV of 0.83%, values which show that the approaching angle is consistent throughout the 
majority of the asperities scanned. 
The Shapiro-Wilk analysis returned a p value of 0.46 which is higher than the α value of 
0.05. This signifies that the null hypothesis is retained with a confidence of 95%, thus the data 
set is normally distributed. 
 
 
Figure 4.26. Approaching angle distribution for GM1 samples. 
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The final parameter analysed for the GM1 variability analysis is the departure angle. The 
distribution of values can be observed in Figure 4.27, ranging from 117° to 126°. The average 
value was found to be 120°, having a Stdev of 1.57° and a COV of 1.31%. These values show 
very low variability, and are consistent with the values for the approaching angle, showing 
that the asperity is symmetrical in terms of approaching and departure angles. 
The Shapiro-Wilk analysis returned a p value of 0.04 which is smaller than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is rejected, thus the 
data set is not normally distributed. From Figure 4.27 it can be observed that the distribution 
is slightly skewed to the left. 
 
 
Figure 4.27. Departure angle distribution for GM1 samples. 
Considering the fact that over 40 individual asperities were scanned from 9 different 
samples, the variability of the asperities parameters was considered to be very low. This 
assumption was made as after a thorough literature review, which did not return any evidence 
of variability analysis performed on asperities present on structured embossed geomembrane.  
As such, the author considered the data presented in Table 4.24 is considered to show low 
variability, as such it was decided that this data will be used as virgin asperity benchmark 
values when analysing post shear wear asperities.  
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Table 4.24. Overview on the asperities variability of GM1. 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.00 132 0.44 121 120 
Stdev 0.02 7.12 0.02 1.00 1.57 
COV 1.81 5.39 3.56 0.83 1.31 
 
 Geomembrane 2 (GM2) 
Variability analysis was performed on GM2 as well in order to establish the parameters 
variance of GM2 texture. As in the case of GM1, 9 samples were selected prior to shearing 
and were scanned using the 3D non-contact profiler. The results showed an increase in 
variability in comparison with GM1, however the values do not exceed the variability limits 
set out by (Sia and Dixon, 2007). Table 4.25 presents the virgin parameters obtained after 
scanning for the 9 selected samples. GM2/GT2-07 sample had an average asperity height of 
1.25 mm, a top radius of 125° a top radius of 0.74 mm and approaching and departure angles 
of 127° and 120° respectively. In terms of COV all the values were found to be below 5% 
apart from the top angle radius which had a COV of 8.82%. When studying the other samples 
it can be observed that the majority of the COV values for all the parameters are found to be 
below or in the range of 5%, with the Rt having the highest COV values up to 9.48%. 
Table 4.25. Summary of the variability analysis performed on 9 GM2 samples. 
Geomembrane sample taken from interface GM2/GT2-07 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.25 125 0.74 127 120 
Stdev 0.03 5.55 0.07 4.18 1.90 
COV 2.27 4.44 8.82 3.30 1.58 
Geomembrane sample taken from interface GM2/GT2-06 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.30 133 0.80 125 120 
Stdev 0.03 7.03 0.06 1.17 2.64 
COV 2.62 5.29 7.70 0.93 2.19 
Geomembrane sample taken from interface GM2/GT2-05 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.28 133 0.85 128 122 
Stdev 0.03 9.68 0.08 4.59 6.88 
COV 2.73 7.29 8.93 3.59 5.63 
Geomembrane sample taken from interface GM2/GT2-04 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.27 126 0.73 127 122 
Stdev 0.02 8.70 0.07 3.41 2.33 
COV 1.96 6.92 8.89 2.68 1.91 
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Geomembrane sample taken from interface GM2/GT2-01 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.30 121 0.88 129 121 
Stdev 0.04 5.89 0.07 3.32 4.41 
COV 2.74 4.85 7.51 2.58 3.66 
Geomembrane sample taken from interface GM2/GT2-19 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.34 129 0.82 127 121 
Stdev 0.03 2.55 0.02 1.30 4.82 
COV 1.87 1.98 2.60 1.02 4.00 
Geomembrane sample taken from interface GM2/GT2-18 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.34 129 0.83 126 118 
Stdev 0.01 3.26 0.04 2.61 2.64 
COV 0.97 2.52 4.92 2.07 2.24 
Geomembrane sample taken from interface GM2/GT2-17 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.26 114 0.53 125 120 
Stdev 0.01 1.72 0.02 2.80 2.87 
COV 1.08 1.51 3.92 2.23 2.40 
Geomembrane sample taken from interface GM2/GT2-16 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.29 117 0.82 126 121 
Stdev 0.04 7.57 0.08 1.47 3.31 
COV 2.88 6.46 9.48 1.16 2.74 
 
Table 4.25 present the summary of over 40 individual asperities. The results are presented 
for 9 different samples, with 5 asperities scanned for each sample following the same method 
used for GM1.  Figure 4.28 presents the asperity height distribution across the scanned 
samples, with values ranging from 1.22 mm to 1.36 mm. All of the values have been averaged 
and the value obtained was 1.29 mm, which when compared to the manufacturer data it can 
be observed that the scanned average asperity height is 0.01 mm lower that the 1.30 mm 
asperity height as presented by the manufacturer in Table 3.2, Section 3.2.1. This difference 
amount for 0.7% from the manufacturer’s height, being an insignificant difference thus can be 
ignored. 
The Shapiro-Wilk analysis returned a p value of 0.339 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
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Figure 4.28. GM2 virgin asperities asperity height distribution. 
Figure 4.29 presents the top angle distribution within the scanned samples. It can be 
observed that the values are scattered over a wider range, with the average value calculated at 
125°. The lowest value found was 107° and the highest value was 150°, but it can be observed 
that there are two intervals in which more values were found such as 114°-122° and 129°-
135°. Although it could be argued that the average value of 125° does not represent accurately 
the top angle values, in Table 4.26 it can be observed that the COV is 5.11% which is 
considered to be low. As such, the author concluded that the average value of 125° for the top 
angle is appropriate to be taken forward as the standard virgin value. 
The Shapiro-Wilk analysis returned a p value of 0.747 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
 
Figure 4.29. GM2 virgin asperities top angle distribution. 
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Following the top angle, measurement for the top radius were taken as if can be observed 
in Figure 4.30. The distribution follows the same pattern as the top angle with the Rt values 
ranging from 0.50 mm to 0.96 mm. The average value was found to be at 0.80 mm and 
following the same reasoning as for the ψt, it was selected to be the standard virgin value for 
the top radius. 
The Shapiro-Wilk analysis returned a p value of 0.008 which is smaller than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is rejected, thus the 
data set is not normally distributed.  
 
 
Figure 4.30. GM2 virgin asperities top radius distribution. 
Figure 4.31 presents the approaching angle distribution across the 9 samples scanned. The 
scatter of values is reduced in comparison with the previous two parameters (top angle and 
top radius) leading to the assumption that during the manufacturing process (Chapter 2, 
Section 2.3.1) the top of the asperities are not uniformly created. The average approaching 
angle was found to be 126° with the lowest value being 120° and the highest being 134°. In 
terms of variability the average value yielded a Stdev of 3.03° with a COV of 2.39%. 
The Shapiro-Wilk analysis returned a p value of 0.253 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
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Figure 4.31. GM2 virgin asperities approaching angle distribution. 
The last parameter analysed was the departure angle ψd. The distribution of values across 
the scanned samples can be observed in Figure 4.32. The values ranged from 113° to 134° 
with the average calculated at 120°. As in the case of the approaching angle the values are not 
widely spread with the average having a Stdev of 3.81° and a COV of 3.16%. 
The Shapiro-Wilk analysis returned a p value of 0.074 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
 
 
Figure 4.32. GM2 virgin asperities departure angle distribution. 
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Table 4.26 presents, as in the case of GM1, the compiled values for all the GM2 scanned 
asperities. The variability is also low when comparing to the literature as such, these values 
will be used in wear assessment when analysing sheared GM2 samples. 
 
Table 4.26. Overview on the asperities variability of GM2. 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.29 125 0.80 126 120 
Stdev 0.03 6.40 0.06 3.03 3.81 
COV 2.23 5.11 7.63 2.39 3.16 
 
 
 Geomembrane 3 (GM3) 
The third geomembrane used in the testing programme was GM3. The same variability 
analysis was employed as in the case of GM1 and GM2. 9 different samples were selected 
and scanned prior to the shearing process. Table 4.27 presents the results for each individual 
samples scanned. In terms of asperity height, GM3/GT2-05 presented an asperity height of 
1.86mm with a Stdev of 0.03mm and a COV of 1.66%, this being the highest values recorded 
for this parameter. The lowest value found was 1.73mm for GM3/GT2-13 with a Stdev of 
0.02mm and a COV of 0.95% while the other values showed values in between the above. 
The top angle results presented the highest values for GM3/GT2-02 with 171° having a Stdev 
of 7.13° and a COV of 3.94%, while the lowest values recorded was of 150° for GM3/GT2-14 
and GM3/GT2-15 with Stdev and COV of 2.05° and 1.37% and 0.82° and 0.54% 
respectively. The top radius showed consistent values for six of the nine scanned sample, 
having values in the range of 0.81mm while the last three samples (GM3/GT2-13 to 
GM3/GT2-15) had values averaging 0.72mm. Analysing the approaching and departure 
angles, the first major difference that can be observed between GM1, GM2 and GM3 is that 
GM3 presents steeper approaching and departure angles, with values as low as 98° for both, 
whereas in the case of the previous two geomembranes the values were 120°. In terms of 
variability the approaching and departure angles were consistent, the highest COV being 
3.41% for GM3/GT2-12.  
 
 144 | P a g e  
 
Table 4.27. Summary of the variability analysis performed on 9 GM3 samples. 
Geomembrane sample taken from interface GM3/GT2-05 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.86 181 0.82 98 98 
Stdev 0.03 7.13 0.03 0.65 2.04 
COV 1.66 3.94 3.50 0.67 2.08 
Geomembrane sample taken from interface GM3/GT2-04 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.84 162 0.81 88 99 
Stdev 0.04 0.94 0.02 1.03 1.31 
COV 1.99 0.58 2.76 1.18 1.32 
Geomembrane sample taken from interface GM3/GT2-03 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.79 167 0.81 102 102 
Stdev 0.00 1.70 0.02 2.36 2.22 
COV 0.23 1.02 2.35 2.32 2.18 
Geomembrane sample taken from interface GM3/GT2-02 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.76 171 0.85 96 100 
Stdev 0.04 7.13 0.05 0.98 1.26 
COV 2.02 3.94 6.36 1.02 1.25 
Geomembrane sample taken from interface GM3/GT2-01 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.82 169 0.80 88 102 
Stdev 0.03 5.10 0.00 1.82 2.62 
COV 1.70 3.02 0.48 1.74 2.56 
Geomembrane sample taken from interface GM3/GT2-12 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.75 155 0.81 100 105 
Stdev 0.04 7.93 0.07 3.42 1.25 
COV 2.04 5.12 8.77 3.41 1.19 
Geomembrane sample taken from interface GM3/GT2-13 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.73 159 0.74 105 104 
Stdev 0.02 3.74 0.01 0.94 2.16 
COV 0.95 2.35 1.12 0.90 2.08 
Geomembrane sample taken from interface GM3/GT2-14 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.75 150 0.72 104 104 
Stdev 0.03 2.05 0.01 1.25 2.16 
COV 1.50 1.37 1.82 1.20 2.08 
Geomembrane sample taken from interface GM3/GT2-15 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.74 150 0.70 105 107 
Stdev 0.01 0.82 0.04 0.47 2.16 
COV 0.49 0.54 5.65 0.45 2.02 
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Figure 4.33 presents the virgin asperity height distribution for each individual asperity 
from the GM3 scanned samples. The range of values was found to be in between 1.71 mm 
and 1.89 mm, having an average asperity height of 1.78 mm, which is 0.02 mm lower than the 
manufacturer’s specification which state that the asperity height is 1.80 mm. As it can be seen 
in Figure 4.33 the distribution is well spread over the entire range, thus considering that the 
difference between the calculated average and the manufacturer specification is small the 
author has decided that the calculated average should be taken forward as the virgin asperity 
height for the wear analysis. 
The Shapiro-Wilk analysis returned a p value of 0.177 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
 
 
 
Figure 4.33. GM3 virgin asperity height distribution. 
 
Figure 4.34 represents the distribution of the top angle values for GM3. As in the case of 
GM1 and GM2 the top angle values are spread over a wide range between 132° and 181°. The 
average value 162° was calculated and it coincides with the value at which the most samples 
were recorded thus it is a good indication that the average value is reliable. 
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The Shapiro-Wilk analysis returned a p value of 0.733 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
 
 
Figure 4.34. GM2 virgin asperity top angle distribution. 
Following the top angle, the next parameter analysed was the top radius which is can be 
observed in Figure 4.35. The range of values was between 0.65 mm and 0.93 mm with the 
calculated average at 0.78 mm. In the distribution presented Figure 4.35, it can be observed 
that there are a cluster of samples that fall under a narrower range (0.79 mm – 0.84 mm), thus 
it could be argued that the average should be calculated based on those values only. However, 
based on the previous analyses, calculating an average taking into consideration all of the 
scanned samples offer a more accurate and a more reliable result offering a good geometrical 
characterisation of the material. 
The Shapiro-Wilk analysis returned a p value of 0.664 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
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Figure 4.35. GM3 virgin asperity top radius distribution. 
As in the case of GM1 and GM2 the last two parameters scanned were the approaching and 
departure angle. The distribution of the approaching angle as shown in Figure 4.36 has a 
spread of values varying from 66° to 106°. The initial calculation of the average approaching 
angle resulted in a value of 98°, however the two lower values (66° and 69°) were discarded 
from the following calculation due to the fact that they were considered scanning errors. As 
such the new calculated average was 100° which showed significantly lower variability 
coefficients (Stdev of 3.64° and a COV of 3.61%) when comparing with the initial calculation 
that included the error values (Stdev of 9.55° and COV of 9.71%). The Shapiro-Wilk analysis 
returned a p value of -0.202 which is smaller than the α value of 0.05. This signifies that with 
a confidence of 95% that the null hypothesis is rejected, thus the data set is not normally 
distributed. Figure 4.36 shows that the data set is skewed to the left. 
 
Figure 4.36. GM3 virgin asperity approaching angle distribution. 
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Figure 4.37 shows the distribution of values for the departure angle and the results show 
the same average value as for the approaching angle of 102°. The values range from 96° to 
110° and there is no standout errors as was the case for the approaching angle as such this 
average in considered to be accurate. Analysing the variability coefficients for the departure 
angle the calculation show low variability (Stdev of 3.31° and COV of 3.24%), with values 
similar with of the approaching angle, thus the GM3 asperities are consistent with respect to 
ψa and ψd. 
The Shapiro-Wilk analysis returned a p value of 0.482 which is higher than the α value of 
0.05. This signifies that with a confidence of 95% that the null hypothesis is retained, thus the 
data set is normally distributed.  
 
 
Figure 4.37. GM3 virgin asperity departure angle distribution. 
Table 4.28 presents the compiled results for GM3 that will be used as virgin parameters 
when comparing with the results of the direct shear tests on this geomembrane.  
Table 4.28. Overview on the asperities variability of GM3. 
 h (mm) ψt (°) Rt (mm) ψa (°) ψd (°) 
Mean 1.78 160 0.78 100 102 
Stdev 0.05 10.07 0.06 3.64 3.31 
COV 2.89 6.30 7.68 3.61 3.24 
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4.5 Geomembrane post-shear wear analysis 
Following the variability analysis performed on virgin samples, the direct shearing was 
employed to produce sheared samples that could be analysed in order to quantify 
geomembrane texture wear and also study wear patterns. The testing programme can be 
referred to in Chapter 3, Section 3.6.3.9.  
This section was divided into three different categories, each on focusing on a different 
variable which influenced the behaviour of the interface, and thus, the development of wear at 
the interface. The results obtained after shearing were compared with the results from the 
variability analysis from the previous section. Each sheared geomembrane was scanned 
following the same protocol used for scanning the virgin geomembranes, the results being 
compared with the results found in Table 4.24, Table 4.26 and Table 4.28 respectively. 
 Analysis of wear development at different normal stresses for 
geomembrane-geotextile interfaces 
 
The first variable analysed was the influence of different normal stresses on the 
development of wear on the geomembrane. The normal stresses used were ranging from 50 
kPa to 800 kPa, these being applied to the three studied interfaces, with the displacement 
distance of 80 mm.  
 
 GM1 
 
Table 4.29 presents the results obtained after the post processing of the GM1 sheared 
samples. The results were compared with the values obtained from the variability analysis 
which were considered by the author to be representative for the entire roll of membrane from 
which the samples were taken. The virgin parameters can be consulted in Table 4.24. The 
sheared parameters were obtained following the protocol developed in Chapter 3, Section 
3.6.3.7. 
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Table 4.29. Sheared asperity parameters for GM1 samples. 
1. Sheared asperity parameters for geomembrane sample GM1/GT2-02 (50 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.00 120 0.43 120 125 120 120 
Stdev 0.01 6.54 0.03 1.02 2.87 1.33 1.33 
COV 1.02 6.09 8.02 0.85 2.29 1.10 1.10 
2. Sheared asperity parameters for geomembrane sample GM1/GT2-05 (100 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.00 111 0.37 119 128 120 120 
Stdev 0.02 4.40 0.03 0.49 3.14 0.98 0.98 
COV 1.60 3.97 7.66 0.41 2.44 0.82 0.82 
3. Sheared asperity parameters for geomembrane sample GM1/GT2-07 (200 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.97 102 0.38 121 135 121 120 
Stdev 0.01 7.04 0.08 2.40 2.94 1.26 1.26 
COV 1.40 6.88 19.89 1.98 2.17 1.05 1.06 
4. Sheared asperity parameters for geomembrane sample GM1/GT2-09 (300 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.99 112 0.25 121 139 120 106 
Stdev 0.02 2.24 0.06 1.94 1.85 2.56 3.63 
COV 1.69 2.00 23.14 1.61 1.33 2.13 3.43 
5. Sheared asperity parameters for geomembrane sample GM1/GT2-11 (400 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.99 107 0.40 125 143 121 103 
Stdev 0.01 2.56 0.02 2.28 0.63 3.03 4.73 
COV 1.51 3.26 5.42 1.82 0.44 2.51 4.58 
6. Sheared asperity parameters for geomembrane sample GM1/GT2-14 (600 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.98 110 0.28 129 150 91 N/A 
Stdev 0.01 5.72 0.02 3.09 3.86 0.82 N/A 
COV 0.83 4.40 5.87 2.06 3.00 0.90 N/A 
7. Sheared asperity parameters for geomembrane sample GM1/GT2-13 (800 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.97 100 0.31 131 155 100 N/A 
Stdev 0.01 7.59 0.03 2.35 1 12.18 N/A 
COV 1.12 6.20 9.35 1.51 0.72 12.20 N/A 
 
 
Figure 4.38 presents the sheared asperity height evolution during shearing at different 
normal stresses for GM1. The virgin asperity height was 1.00 mm for GM1 as shown in Table 
4.24. The first two tests, in which normal stresses of 50 kPa and 100 kPa were applied, did not 
show any change in the asperity height. For the 200 kPa tests the asperity height recorded was 
0.97 mm, whereas for the next two normal stresses, 300 kPa and 400 kPa the asperity height 
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suffered a reduction of 0.01 mm. For the high normal stresses, the height was of 0.98 mm for 
600 kPa and 0.97 mm for 800 kPa respectively. As it can be observed Figure 4.38, the trend 
line shows a loss of asperity height with the increase in normal stress, which is to be expected 
as the wear, is higher at larger normal stresses. Variability analysis was performed on each 
individual sheared sample (each sample having 5 individual asperities scanned) and the 
results showed that asperity height variability coefficients were between 1.69% for the 
GM1/GT2-09 (300 kPa) test and 0.83% for the GM1/GT2-14 (600 kPa) with the first having 
the highest COV and the latter being the lowest in terms of COV. The Stdev for all 7 tests was 
between 0.01 mm and 0.02 mm. These low variability coefficients show that the wear on the 
samples is constant throughout each individual sample, this being in concordance with the 
normal stress applied. 
 
Figure 4.38. GM1/GT2 sheared asperity height analysis. 
The top angle values for the sheared GM1 samples are presented in Figure 4.39. The value 
for the virgin sample was 132º. The top angle shows a reduction in value for all of the normal 
stresses applied, having 120º for the 50 kPa test, 111º for the 100 kPa test, 102º for the 200 
kPa test, 112º and 107º for the 300 kPa and 400 kPa test respectively. The high normal 
stresses tests showed the same pattern having top angle values of 110º for 600 kPa test and 
100º for 800 kPa test. The trend line show that the top angle is reducing due to the wear with 
the increase of the normal stress. In terms of variability the coefficients are low the highest 
COV being 6.88% for GM1/GT2-07 (200 kPa) with the lowest being 2.00% for GM1/GT2-09 
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(300 kPa), the rest of the values falling in between. The Stdev values ranged between 7.04° 
for GM1/GT2-07 (200 kPa) and 2.24° GM1/GT2-09 (300 kPa).  
 
Figure 4.39. GM1/GT2 sheared asperity top angle values analysis. 
Following the top angle, the top radius was analysed and the results can be observed in 
Figure 4.40. The top radius is closely correlated with the top angle and as it can be seen in 
Figure 4.40 the trend lines for both are similar. The value for the virgin sample was 0.44. The 
sheared tests showed values of 0.43 mm for the 50 kPa test, 0.37 mm for the 100 kPa test, 
0.38 for the 200 kPa test, 0.25 mm for the 300 kPa test and 0.40 mm for the 400 kPa test. The 
high normal stresses tests presented values of 0.28 mm for the 600 kPa test and 0.31 mm for 
the 800 kPa test respectively. The variability coefficients showed slightly higher values than 
the top radius. As it can be seen in Figure 4.40, a big anomaly was found for the 300 kPa test, 
which had a COV of 23.14% and a Stdev of 0.06 mm. This discrepancy in the results, 
compared with the rests of the values for the top radius, was analysed in more detail and was 
found that the individual values for each asperity form GM/1GT2-09 (300 kPa) test were 0.16 
mm, 0.31 mm, 0.35 mm, 0.31 mm and 0.14 mm. The lowest two values were discarded and 
the new top radius value for this sample was found to be 0.32 mm with a COV of 5.23% and a 
Stdev of 0.02 mm. The corrected top radius average value for the 300 kPa test can be 
observed in Figure 4.40. Considering that in the case of the top radius two tests showed 
unusual values with respect to the others, it is important to have at least 5 samples scanned 
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and analysed in order to obtain and accurate representation of the material topography and the 
changes the topography suffers during shearing. 
 
Figure 4.40. GM1/GT2 sheared asperity top radius analysis. 
The following wear parameter studied was the approaching angle. The results can be 
observed in Figure 4.41. For the approaching angle two sets of values were found, as was 
presented in Chapter 3, Section 3.6.3.7. The first set of values represented by the colour red in 
the plot below shows sheared approaching angle 1 (ψa1’). The changes in approaching angle 
values are low with respect to the virgin one which are 121°. For the 50 kPa and 100 kPa test 
the value were found to be lower than the virgin average, having 120° and 119° respectively, 
however the difference was considered insignificant and was attributed to the scanning device 
error.  
The following tests (200 kPa and 300 kPa) showed values of 121° for ψa1’, which showed 
that there is no change happening during shearing for the ψa1’. Changes in ψa1’ were recorded 
for the higher normal stresses, with values of 125° for the 400 kPa test and 129° and 131° for 
the 600 kPa and 800 kPa tests respectively. This increase in approaching angle showed that at 
higher normal stresses ψa1’ suffers topography changes, which demonstrates that wear is 
direct proportional with the normal stress. Studying ψa2’, represented by the green markers 
and trend line on Figure 4.41, an immediate observation can be mate as the trend line gradient 
is a lot steeper that the trend line gradient for ψa1’. The values for the lower normal stresses 
applied showed increase compared with the values for ψa1’ with 125° for the 50 kPa test, 128° 
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for the 100 kPa test and 135° for the 200 kPa test. In the case of ψa2’the value obtained at 200 
kPa already surpassed the value of ψa1’ at 800 kPa, which shows that wear is more significant 
in the top part of the asperity, whereas the base is less susceptible to wear. Studying the 300 
kPa to 800 kPa tests, the values of the approaching angle were 139°, 143°, 150° and 155°, 
values representing a considerable increase with respect to ψa1’ and ψa. The variability 
analysis showed low values with the highest COV and Stdev being 3.00% and 3.86 mm 
respectively for GM1/GT2-14. 
 
Figure 4.41. GM1/GT2 sheared asperity approaching angle analysis. 
The sheared departure angle (ψd’) is shown in Figure 4.42. As in the case of the 
approaching angle, the departure angle is divided in two components. ψd1’ showed little to no 
change in values with respect to the virgin one (120°), 3 tests (50 kPa, 100 kPa and 300 kPa) 
having the same value and 2 tests (200 kPa and 400 kPa) with a difference of 1° (121°) with 
respect to the virgin value. When analysing ψd2’ a similar pattern with ψa1’ was present, the 
results showing a significant decrease (which is to be expected – approaching angle 
increasing in values and departure angle decreasing in value - due to the nature of the test) 
with respect to ψd1’ and the virgin value. The first 3 tests (50 kPa, 100 kPa and 200 kPa) 
presented identic values with the virgin one), however from the 300 kPa tests the decrease is 
considerable, with values of 106° for the 300 kPa test, 103° for the 400 kPa test and 91° and 
100° for 600 kPa test and 800 kPa test respectively. It should be mentioned that for the high 
normal stresses, ψd1’ could not be recorded as such only the ψd2’ value is present in the 
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analysis. In terms of variability the values are low, all asperities being damaged in equal 
amounts during shear, this showing a good isotropy. 
 
Figure 4.42. GM1/GT2 sheared asperity departure angle analysis. 
Figure 4.43-Figure 4.45 present the SEM images taken at 50 kPa (a), 400 kPa (b) and 
800kPa (c) for the GM1/GT2 interface tests. The images were taken to study the actual 
sheared asperities which were scanned and compare them with the obtained result from the 
3D non-contact optical profiler. It can be observed that in Figure 4.43 (50 kPa test) there is 
present some scarring on the top of the asperity, however there are no indication of any 
topographical changes suffered by the asperity which confirms the results presented above. 
When studying Figure 4.44 (400 kPa test) it is clear that there is a significand amount of wear 
present on the asperity due to the shearing process. Also on this figure are highlighted the 
approaching and departure angles and the top radius. In comparison with Figure 4.43, these 
parameters show clear signs of alteration, which is in concordance with the results presented 
in Figure 4.38-Figure 4.42. Figure 4.45 representing the test performed at 800 kPa normal 
stress, shows important amounts of wear having significant topographical changes and signs 
of scarring on the asperity. There is a good correlation between the results obtained by 3D 
non-contact optical profiler and the SEM scanning, and by combining both techniques a broad 
and in depth understanding on the wear development and topographical changes can be made. 
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Figure 4.43. SEM images of GM1 after shearing at 50 kPa from 45° and 90° (1.00 mm 
asperity height). 
 
Figure 4.44. SEM images of GM1 after shearing at 400 kPa from 45° and 90° (1.00 mm 
asperity height). 
 
Figure 4.45. SEM images of GM1 after shearing at 800 kPa from 45° and 90° (1.00 mm 
asperity height). 
The wear and topographical changes are limited in the lower range of normal stresses (50 
kPa – 200 kPa), however with the increase in normal stress the changes become extensive and 
influence the behaviour of the interface, reducing the interface shears strengths. Also, as it 
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was presented, the wear is more extensive in the top half of the asperity, and less so near to 
the base, leading to the conclusion that the smaller the diameter of the asperity, the higher the 
influence of the normal stress on the texture integrity. 
 GM2 
The post shearing results obtained from the post-processing of scanned GM2/GT2 sample 
can be consulted in Table 4.30. The virgin parameters for GM2 were presented in Table 4.26. 
Table 4.30. Sheared asperity parameters for GM2 samples. 
1. Sheared asperity parameters for geomembrane sample GM2/GT2-01 (50 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.28 121 0.67 126 126 119 119 
Stdev 0.03 1.74 0.13 1.85 1.85 2.73 2.73 
COV 2.00 14.65 14.90 1.47 1.47 2.30 2.30 
2. Sheared asperity parameters for geomembrane sample GM2/GT2-04 (100 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.29 106 0.42 126 125 121 121 
Stdev 0.01 5.52 0.07 3.32 3.32 2.61 2.61 
COV 0.57 6.43 17.13 2.67 2.67 2.16 2.16 
3. Sheared asperity parameters for geomembrane sample GM2/GT2-05 (200 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.26 88 0.37 127 131 119 123 
Stdev 0.04 6.60 0.05 1.63 4.13 1.50 4.50 
COV 2.82 7.46 14.67 1.32 3.14 1.26 3.40 
4. Sheared asperity parameters for geomembrane sample GM2/GT2-06 (300 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.28 79 0.68 127 131 117 126 
Stdev 0.05 23.32 0.15 1.63 5.24 4.32 1.63 
COV 4.13 29.67 21.51 1.32 4.00 3.70 1.30 
5. Sheared asperity parameters for geomembrane sample GM2/GT2-07 (400 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.25 98 0.45 128 134 118 125 
Stdev 0.02 7.52 0.05 2.16 4.50 2.86 3.80 
COV 1.48 7.69 11.00 1.79 3.35 2.42 2.12 
6. Sheared asperity parameters for geomembrane sample GM2/GT2-10 (600 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.17 89 0.47 129 144 116 N/A 
Stdev 0.01 8.96 0.08 2.16 1.63 0.94 N/A 
COV 0.53 7.74 16.31 1.82 1.13 0.75 N/A 
7. Sheared asperity parameters for geomembrane sample GM2/GT2-11 (800 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.13 87 0.45 129 150 113 N/A 
Stdev 0.01 16.95 0.04 2.16 2.62 2.36 N/A 
COV 0.63 14.54 9.01 1.66 1.75 1.92 N/A 
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The GM2 sheared asperity height (h’) results can be observed in Figure 4.46. The virgin 
value for GM2 as obtained from the variability analysis performed in Section 0 was 1.29 mm. 
The h’ for the tests in which the normal stress ranged between 50 kPa to 400 kPa did show 
low changes in asperity height with values in between 1.26 mm for the 200 kPa test to 1.29 
mm for the 100 kPa test. The 50 kPa and 400 kPa tests presented an asperity height of 1.28 
mm. For the high normal stresses, h’ was considerably lower than the virgin value, being 1.17 
mm for the 600 kPa test and 1.13 mm for the 800 kPa test. The trend line showed a loss of 
height direct proportional with the increase in normal stress. This trend was similar with the 
trend line for the h’ of GM1, signifying that the 2 geomembranes, GM1 and GM2, are 
suffering height deformation in a similar manner. The variability analysis performed for the 
h’, exhibited low variability with the highest COV and Stdev being 4.13% and 0.05 mm 
respectively. 
 
Figure 4.46. GM2/GT2 sheared asperity height analysis. 
The top angle results for GM2 can be observed in Figure 4.47. The virgin value shown in 
Table 4.26 was 125°, with the sheared tests showing reduced values of ψt’. The 50 kPa test 
had a ψt’ of 121° having the lowest amount of wear in terms of ψt’, which was expected at this 
normal stress. With the increase in normal stress, the 100 kPa had a ψt’ value of 106°, this 
reducing to 88°, 79° and 98° for 200 kPa, 300 kPa and 400 kPa tests respectively. Analysing 
the high normal stresses, the ψt’ value presented similar values, with 89° for the 600 kPa test 
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and 87° for the 800 kPa test. The trend line showed a reduction in ψt’ value, which was 
proportional with the increase of normal stress. When comparing the trend line of ψt’ of GM2 
with GM1 similar pattern was present, both textured having reduced ψt’ at higher normal 
stresses. Variability for the ψt’ was high, the 300 kPa test having a COV of 29.67% and a 
Stdev of 23.32°. 
 
Figure 4.47. GM2/GT2 sheared asperity top angle analysis. 
Figure 4.48 presents the sheared asperity top radius results. The values are scattered, 
having highest reductions in Rt’ for the 100 kPa and 200 kPa tests with 0.42 mm and 0.37 mm 
in comparison with the virgin Rt value of 0.80. Although the values are scattered, the trend 
line is similar with the trend line of the GM1 Rt’. The variability analysis showed high COV 
and Stdev values, having 17.13% and 0.07 mm for 200 kPa test. The Rt’ presented high 
variability values throughout the testing set, the lowest COV being 9.01% this being 3% to 
4% higher than the usual values found for the other parameters. It should be noted that after a 
closer examination of Rt’ for both GM1 and GM2 sets of tests, the variability coefficients 
were the highest in comparison with the other parameters, leading to the conclusion that Rt’ is 
not as reliable as the other parameters. However, the Rt’ should be analyses together with the 
SEM images, this giving allowing for a better understanding on how the Rt’ deforms.  
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Figure 4.48. GM2/GT2 sheared asperity top radius analysis. 
The sheared approaching angle ψa’ analysis can be observed in Figure 4.49. As in the case 
of GM1, the ψa’ is divided in two components, ψa1’ and ψa2’. The virgin ψa value was 126°, as 
calculated in the virgin GM2 variability analysis. ψa1’ showed slight increase in values, 
however the differences between the virgin and the sheared values was small, the highest 
difference being of 3° in the case of the 800 kPa test, which amounts for only 2.4% of the 
virgin value. This small difference is attributed to the scanning equipment accuracy, thus the 
author assumed that ψa1’ did not suffered changes. When analysing ψa2’ a clear increase can 
be observed, meaning that the upper part of the asperity suffered considerable changes, in 
particular at 400 kPa and above, with the 800 kPa test showing an increase in ψa2’ of 24°, 
signifying a 20% increase with respect to the virgin value. The lower normal stresses tests, 50 
kPa and 100 kPa showed no deformation, whereas the 200 kPa and 300 kPa had a value of 
131°. The variability was very low, the highest COV of 4% being found for the 300 kPa test.  
When comparing the GM2 ψa’ results with the GM1 ψa1’, there is a difference in the 
behaviour of the ψa1’. In the case of GM1, at higher normal stresses (above 400 kPa) there is 
an increase in values, whereas for GM2 the ψa1’ was considered to suffer no changes. This 
fact leads to the conclusion that the larger the base of the asperity, the lower the amount of 
deformation is induced during shearing at the entire range of normal stresses. The same 
conclusion cannot be drawn when comparing ψa2’ for both geomembranes as both show 
extensive deformation. However, GM1 shows slightly more deformations at higher normal 
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stresses, this leading to the conclusion that the wear development is related to the geometrical 
characteristics of the asperity (the smaller the asperity diameter, the higher the amount of 
wear). 
 
Figure 4.49. GM2/GT2 sheared asperity approaching angle analysis. 
Figure 4.50 presents the sheared departure angle ψd’ for GM2. The ψd’ is divided in two 
components as in the case of the approaching angle, due to the deformation mechanism 
observed during analysis. ψd1’ showed limited deformation during the lower normal stresses 
applied with values of 119° for the 50 kPa test and 120° for the 100 kPa test. For the rest of 
the normal stresses applied a slight increase was recorded with values of 123°, 126°and 125° 
for the 200 kPa to 400 kPa test. For the high normal stress tests, ψd1’ could not be recorded 
due to the limitation of the scanning apparatus, which were presented in Chapter 3, Section 
3.6.3.7. The ψd2’ showed decreased values with respect to the virgin ψd, however in 
comparison with the GM1 ψd2’ the reduction in departure angle is less pronounced. This is 
due to the increased size of the asperity diameter and size, feature which contributes to the 
increased wear resistance capability. The variability was low, similar with the values of ψa’, 
the highest COV being 3.70% and the highest Stdev being 4.32°. 
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Figure 4.50. GM2/GT2 sheared asperity departure angle analysis. 
The quantitative analysis performed on the sheared GM2 samples, was complemented by 
the qualitative analysis. Figure 4.51-Figure 4.53 presents the sheared asperities at 50 kPa, 400 
kPa and 800 kPa. Figure 4.51 shows the low normal stress (50 kPa) test and as it can be 
observed there are limited signs of wear and deformation, with the top angle being slightly 
deformed and signs of scarring on the top of the asperity. Figure 4.52 shows more signs of 
deformation and wear as the scarring is more pronounced, however when comparing with the 
Figure 4.44 (GM1 400 kPa test SEM image), there is a significant difference in the amount of 
wear sustained, showing that the geometrical characteristics contribute significantly in the 
wear development on the geomembrane texture. Figure 4.53 presents the high normal stress 
test (800 kPa) where the deformation is significant in comparison with the 50 kPa test, the 
asperity suffering considerable topographical changes. Although the deformation are 
significant, they can be considered limited in comparison with Figure 4.45 (GM1 800 kPa test 
SEM image), reinforcing the conclusion that the geometrical characteristics of the asperity 
have an important role the wear development. 
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Figure 4.51. SEM images of GM2 after shearing at 50 kPa from 45° and 90° (1.29 mm 
asperity height). 
 
Figure 4.52. SEM images of GM2 after shearing at 400 kPa from 45° and 90° (1.29 mm 
asperity height). 
 
Figure 4.53. SEM images of GM2 after shearing at 800 kPa from 45° and 90° (1.29 mm 
asperity height). 
 
 164 | P a g e  
 
 GM3 
Wear analysis was performed on GM3 as well, the results being presented in Table 4.31. 
The virgin parameters obtained after the variability analysis can be consulted in Table 4.28.  
Table 4.31. Sheared asperity parameters for GM3 samples. 
1. Sheared asperity parameters for geomembrane sample GM3/GT2-01 (50 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.75 160 0.83 109 102 
Stdev 0.02 9.63 0.02 1.41 1.25 
COV 1.02 5.60 2.19 1.30 1.22 
2. Sheared asperity parameters for geomembrane sample GM3/GT2-02 (100 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 162 0.82 108 103 
Stdev 0.02 3.40 0.01 0.47 0.94 
COV 1.28 2.09 0.92 0.44 0.92 
3. Sheared asperity parameters for geomembrane sample GM3/GT2-03 (200 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.76 153 0.70 104 102 
Stdev 0.03 1.25 0.02 1.89 1.56 
COV 1.70 0.82 2.38 1.81 1.53 
4. Sheared asperity parameters for geomembrane sample GM3/GT2-04 (300 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.77 153 0.70 104 102 
Stdev 0.03 1.25 0.02 1.89 1.56 
COV 1.70 0.82 2.38 1.81 1.53 
5. Sheared asperity parameters for geomembrane sample GM3/GT2-05 (400 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 155 0.71 114 92 
Stdev 0.03 0.00 0.04 1.63 1.65 
COV 1.82 0.00 5.10 1.43 1.80 
6. Sheared asperity parameters for geomembrane sample GM3/GT2-06 (600 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.75 149 0.69 124 93 
Stdev 0.02 7.41 0.01 0.47 1.11 
COV 1.36 4.98 0.85 0.38 1.20 
7. Sheared asperity parameters for geomembrane sample GM3/GT2-07 (800 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.71 146 0.64 128 92 
Stdev 0.02 7.59 0.03 1.25 0.90 
COV 1.38 5.18 4.56 0.98 0.98 
 
Figure 4.54 presents the asperity height evolution after being subjected to shearing at the 
entire range of normal stresses. The values show a slight reduction in h’, with the only notable 
difference being seen at the 800 kPa test where h’ is 1.71 mm. The variability is low, with the 
highest COV of 1.82% for GM3/GT2-05 (600 kPa) test. Although the loss in h’ is not 
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significant, when analysing the trend line it can be observed that the assumption drawn for 
GM1 and GM2, that h’ decreases in value with the increase in normal stress, is present for 
GM3 as well. Considering that the behaviour is present throughout all of the tests analysed, it 
can be concluded that there is a direct correlation between the asperity height loss and the 
increase in normal stress. 
 
 
Figure 4.54. GM3/GT2 sheared asperity height analisys. 
 
 
Figure 4.55 presents the top angle deformation suffered by GM3. The virgin value was 
160°, while the sheared 50 kPa test did not show any signs of wear having the same ψt’. The 
100 kPa test showed a value of 162°, which as in the case of the previous geomembranes was 
considered un-deformed, the increase in ψt’ being attributed to the accuracy of the scanning 
apparatus. When studying the following normal stresses, reduction of 17° for 200 kPa and 300 
kPa tests were recorded, this reduction signifying a 11% loss of ψt’. The 400 kPa had a ψt’ of 
155°, while the high normal stresses presented high reductions in ψt’, with 149° and 146° for 
the 600 kPa test and 800 kPa test respectively. The variability coefficients were low showing 
that the geomembrane is behaving uniformly throughout. The trend line for the top angle 
showed that the ψt’ is reducing with the increase in normal stress which is in accordance with 
the behaviour of GM1 and GM2. 
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Figure 4.55. GM3/GT2 sheared asperity top angle analysis. 
 
The sheared top radius corresponding to the top angle of GM3 is presented in Figure 4.56. 
The trend line follows the same pattern as the top angle, showing the correlation between the 
two parameters. The virgin Rt calculated in the variability analysis was of 0.78 mm which was 
presented in Table 4.28. The results of the sheared analysis showed that the Rt’ matched the 
results of the corresponding top angle, the trend line following the same path, decreasing in 
value with the increase in normal stress. The values of the Rt’ showed a slight increase for the 
50 kPa and 100 kPa tests, however this was attributed to the variance of the scanning 
apparatus. The following tests, 200 kPa to 600 kPa, similar sheared Rt’ values around 0.70 
mm with the 800 kPa test having the highest reduction with a value of 0.64 mm, signifying a 
reduction of 20%. The variability value was lower for Rt’ than the values recorded for GM1 
and GM2, showing increased consistency in the wear induced on the top of the asperity. 
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Figure 4.56. GM3/GT2 sheared top radius analysis. 
Figure 4.57 presents the sheared approaching angle ψa’ values for the tests in which GM3 
was used. The results show an increase in approaching angle with the increase of normal 
stress applied on the interface which follows the same pattern as the results obtained for the 
GM1 and GM2 geomembranes. The results for the lower normal stresses applied, in particular 
50 kPa and 100 kPa are slightly higher with respect to the trend line of the entire set, having 
values of 109° and 108° respectively. The following two normal stresses applied (200 kPa and 
300 kPa) showed a deformation of 6° with respect to the virgin value (98°) which was the 
lowest deformation found for the ψa’ for GM3. Analysing the high normal stresses, a 
significant increase in the deformation of the ψa’ is present with differences with respect to ψa 
of 16° for the 400 kPa test, 25° for the 600 kPa test and 30° for the 800 kPa test. The pattern 
of the ψa’ deformation is similar with GM1 and GM2 showing an increase in wear with 
normal stress. However, for GM3 due to the geometry of the asperity (narrower to the base 
and taller) only one value for ψa’ was recorded, whereas for GM1 and GM2 two value were 
obtained. Variability-wise the sheared samples showed low variance, showing that the texture 
of the geomembrane behaves uniformly during direct shear. 
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Figure 4.57. GM3/GT2 sheared approaching angle analysis. 
 
The sheared departure angle ψd’ analysis is presented in Figure 4.58. The sheared values 
for the 50 kPa to 300 kPa normal stress range showed very low changes with respect to the 
virgin values. Significant changes can be observed when analysing the higher normal stress 
tests, however there is not a clear increase in deformation, which was the case of the other 
parameters. The results for the 400 kPa to 800 kPa range are showing similar values (92° for 
400 kPa and 800 kPa and 93° for 600 kPa). The results obtained from this analysis lead to the 
conclusion that the departure angle is reduced from its virgin value to a value which is close to 
90°, however after performing the qualitative analysis which can be observed in Figure 4.59 to 
Figure 4.61 it can be observed that the departure angle is significantly lower than 90° in the 800 
kPa test (Figure 4.61). This observation leads to the conclusion that the scanning techniques 
used is limited when having to scan features that have surfaces hidden as presented in Figure 
xxx. As such, for a complete understanding of the wear and deformation behaviour both 
techniques, quantitative and qualitative, should be used and combined. 
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Figure 4.58. GM3/GT2 sheared departure angle analysis 
 
 
As in the case of GM1 and GM2, quantitative analysis was performed for GM3 which can 
be observed in Figure 4.59 to Figure 4.61. Figure 4.59 presents the SEM images for the 50 kPa 
test. The deformation present is limited and very light surface scarring can be identified, this 
being induced by the geotextile fibres during shearing. Figure 4.60 presents the 400 kPa test 
and the deformation is considerable higher with respect to the 50 kPa test. The surface scarring 
is extensive covering the top of the asperity, this being induced, as well, by the geotextile fibres. 
Figure 4.61 presents the asperity obtained from the 800 kPa test. Extensive deformation and 
surface scarring can be immediately observed. As mentioned in the previous paragraph when 
the quantitative analysis was presented the 400 kPa and 800 kPa test presented similar values 
for the departure angle, however when analysis the SEM images it is clear that there is a major 
discrepancy in the deformation of the two asperities. This is due to the limitation presented in 
Chapter 3, Section 0.  
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Figure 4.59. SEM images of GM3 after shearing at 50 kPa from 45° and 90° (1.78 mm 
asperity height). 
 
Figure 4.60. SEM images of GM3 after shearing at 400 kPa from 45° and 90° (1.78 mm 
asperity height). 
 
Figure 4.61. SEM images of GM3 after shearing at 800 kPa from 45° and 90° (1.78 mm 
asperity height). 
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 Analysis of wear development during displacement
Analysing the wear on the geomembrane texture after direct shear test with a shearing
distance of 80 mm is very important in finding out the behaviour of the interface at large
displacements as it was showed that is the case in the case study presented in Section 4.2. How-
ever, it is of great interest what happens with the texture in the early stages of shearing, espe-
cially before and right after the peak shear stress has been reached. As such, an analysis 
of the wear development at difference displacement was performed on the three 
geomembranes. It should be mentioned that these tests were performed at a normal stress of 
400 kPa as the previous section showed that the wear at low normal stresses (50 kPa and 
100 kPa) is limited, as such in order to understand the development of wear a higher nor-
mal stress was selected. The analysis was performed following the same protocol as the 
analysis of wear at different normal stresses, in this case the displacement being varied 
between 5 mm and 20 mm.
 GM1
Table 4.32 presents the results obtained for the tests involving GM1. The same virgin
values were used in the analysis of wear which can be consulted in Table 4.24.
 
Table 4.32. GM1 sheared asperity parameters for the different displacement tests. 
1. Sheared asperity parameters for geomembrane sample GM1/GT2-20 (5 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.00 127 0.44 120 120 120 120 
Stdev 0.01 1.94 0.01 0.63 0.63 0.75 0.75 
COV 0.63 1.52 1.96 0.53 0.53 0.62 0.62 
2. Sheared asperity parameters for geomembrane sample GM1/GT2-21 (10 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.98 127 0.41 121 121 120 120 
Stdev 0.03 8.30 0.02 1.72 1.72 2.06 2.06 
COV 2.71 6.55 3.92 1.42 1.42 1.71 1.71 
3. Sheared asperity parameters for geomembrane sample GM1/GT2-22 (15 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.01 125 0.30 118 133 128 106 
Stdev 0.02 4.27 0.05 2.80 4.13 6.93 6.93 
COV 2.15 3.42 6.56 2.36 3.09 5.40 6.54 
4. Sheared asperity parameters for geomembrane sample GM1/GT2-23 (20 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.00 126 0.28 124 137 119 100 
Stdev 0.01 4.71 0.01 3.19 3.66 6.84 6.84 
COV 0.67 3.74 3.38 2.57 2.67 5.73 6.81 
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Figure 4.62 presents the evolution of sheared asperity height for the 4 displacements in 
comparison with the virgin values. The value of h’, being 1 mm, showed no change for the 5 
mm test (GM1/GT2-20) and the 20 mm test (GM1/GT2-23) with respect to the virgin value. 
The 10 mm and 15 mm of displacement presented results of 0.98 mm and 1.01 mm 
respectively, showing a reduction of 2% in the case of the 10 mm test and an increase of 1% in 
the case of the 15 mm test with respect to the virgin value. The reduction of h’ in the case of 
GM1/GT2-21 is similar with the wear of the texture are 80 mm in the case of GM1/GT2-11. In 
terms of variability of the results, highest Stdev and COV was found for sample GM1/GT2-21 
with values of 0.03 mm and 2.71%, values which are really low and show uniformly induced 
wear across the sheared texture.  
The trend line shows no decrease of h’ due to wear for the first 20 mm of the shearing 
distance. When comparing with the trend line obtained in the study of different normal stresses 
influence (Section 4.5.1.1, Figure 4.38) it can be observed that h’ values during shearing at 
various displacements but the same normal stress (400 kPa) is remaining constant. In contrast, 
the wear of h’ in increasing with the increase in normal stress as shown in Section 4.5.1.1. 
 
Figure 4.62. GM1/GT2 sheared asperity height analysis (different displacements). 
Analysing the sheared top angle, a decrease in comparison with the virgin value (132°) is 
present in all the 4 tests. GM1/GT2-20 has a decrease of 7° to a value of 127°. The same value 
of ψt’ was found for the 10 mm test (GM1/GT2-21), with the following two tests, having values 
of 125° (15 mm, GM1/GT2-22) and 126° (20 mm, GM1/GT2-23). Analysing the trend line, a 
decrease in top angle is clear which is in concordance with the results obtained for this 
parameter in the normal stress influence analysis presented in Section 4.5.1.1. This decrease, 
 173 | P a g e  
 
shows that wear is developed in the early stages of shearing, prior to reaching the peak shear 
strength of the interface. Analysing the variability study, GM1/GT2-20, GM1/GT2-22 and 
GM1/GT2-23 show values lower than the variability analysis for the virgin asperities, leading 
to the conclusion that these tests showed uniform deformation. GM1/GT2-21 presents 
variability value marginally higher that the virgin values with a COV of 6.55% and a Stdev of 
8.30°, however these values were deemed to be acceptable due to the small differences with 
respect to the virgin values. 
 
Figure 4.63. GM1/GT2 sheared top angle analysis (different displacements) 
The top radius analysis, presented in Figure 4.64, complements the results obtained for ψt’ 
presented in the previous paragraph. The value for the 5 mm test is identical with the virgin 
value of GM1 for Rt’, being 0.44 mm. Studying the tests at 10 mm, 15 mm and 20 mm of 
displacement a decrease in the Rt’ is present with values of 0.41 mm, 0.30 mm and 0.28 mm 
respectively. There is a 36% reduction of Rt’ between the virgin value and the 20 mm value 
which is showing significant wear developed in the early stages of the test. The trend line is 
showing a reduction of Rt’ which is in concordance with the results shown for the ψt’. 
Variability wise the results show vary low variability the highest values being recorded for 
GM1/GT2-22 with a COV of 6.56% and a Stdev of 0.05 mm. 
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Figure 4.64. GM1/GT2 sheared top radius analysis (different displacements) 
The sheared approaching angle, ψa’, analysis is presented in Figure 4.65. The ψa’ showed, 
as in the case of the normal stress influence analysis, two sets of values. Ψa1’ results were of 
120° and 121° for the 5 mm and 10 mm displacement respectively. The tests at 15 mm and 20 
mm displacements presented values of ψa1’ of 118° and 124°. The differences for the latter 
two test with respect to the virgin value (121°) is 3° representing a difference of 2.49% which 
is very small and does not indicate significant deformation of the asperity.  
The trend line for ψa1’ is similar with the virgin trend line, reinforcing the assumption that 
the deformation is limited. However, when analysing the second component, ψa2’, the trend 
line indicates that there is increased deformation of the asperity. Investigating the values, for 
the tests up to 10 mm of displacement the values are the same with ψa1’. The values of the 15 
mm and 20 mm displacement tests are 133° and 137° respectively. These values amount to an 
increase of 10% and 13 % with respect to the virgin value, leading to the conclusion that the 
ψa2’ suffers deformation with the increase in displacement. The variability analysis for the 
sheared approaching angle showed very low values, meaning uniform deformation across the 
entire sample. 
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Figure 4.65. GM1/GT2 sheared approaching angle analysis (different displacements) 
The last parameter analysed is the sheared departure angle, ψd’, presented in Figure 4.66. 
As in the case of the approaching angle, the departure angle has two components as shown in 
Chapter 3, Section 3.6.3.7. ψd1’ does not exhibit significant deformation in comparison with 
ψd2’, the former having values close to the virgin values. For the 5 mm and 10 mm 
displacement tests the values of ψd’ were the same as the virgin values (120°), the only 
differences being found for the 15 mm and the 20 mm with 128° and 119° respectively. The 
second component, ψd2’, presented similar values for the first two tests (120°), with a big 
decrease for the 15 mm and 20 mm tests (106° and 100° respectively). The reduction in value 
for the 15 mm and 20 mm tests, amount for a loss of 11.6% and 16.6% in comparison with the 
virgin value. The variability of ψd’ show low values, which shows uniform deformation across 
the entire geomembrane sample. 
 
Figure 4.66. GM1/GT2 sheared departure angle analysis (different displacements) 
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Figure 4.67 presents the images obtained after SEM scanning on the samples analysed in 
this section. Figure 4.67a is the sample sheared for 5 mm of displacement, and there is no 
significant deformation on the asperity. Figure 4.67b shows signs of wear on the top of the 
asperity due to the friction between the asperity and the geotextile fibres during shearing. 
Figure 4.67c is the sample sheared at 15 mm of displacement, and there is significant 
deformation across the entire asperity. Also the top shows scarring, which is again due to the 
friction during shearing between the asperity and the geotextile fibres. Figure 4.67d exhibits 
the most extensive amount of scarring on the top of the asperity showing that the wear is 
increasing with displacement. 
 
Figure 4.67. Sheared GM1 asperities at different displacements: a) 5 mm; b) 10 mm; c) 15 
mm; and d) 20 mm. 
 GM2 
Table 4.33 presents the results obtained for the tests involving GM1. The same virgin 
values were used in the analysis of wear which can be consulted in Table 4.26. 
Table 4.33. GM2 sheared asperity parameters for the different displacement tests. 
1. Sheared asperity parameters for geomembrane sample GM2/GT2-16 (5 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.28 115 0.57 123 123 122 122 
Stdev 0.04 7.91 0.02 3.08 3.08 2.60 2.60 
COV 3.21 6.85 1.59 2.50 2.50 2.13 2.13 
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2. Sheared asperity parameters for geomembrane sample GM2/GT2-17 (10 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.26 113 0.51 128 128 120 120 
Stdev 0.02 3.11 0.02 1.58 1.58 4.12 4.12 
COV 1.36 2.75 4.57 1.24 1.24 3.45 3.45 
3. Sheared asperity parameters for geomembrane sample GM2/GT2-18 (15 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.29 112 0.53 126 132 118 118 
Stdev 0.01 6.45 0.04 3.09 1.63 2.66 2.66 
COV 0.97 5.76 6.75 2.34 1.30 2.25 2.25 
4. Sheared asperity parameters for geomembrane sample GM2/GT2-19 (20 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.27 95 0.58 119 141 126 121 
Stdev 0.02 3.58 0.08 4.55 1.26 0.00 0.00 
COV 1.40 4.31 3.40 3.23 1.06 0.00 0.00 
 
Figure 4.68 presents the evolution of sheared asperity height for the 4 displacements in 
comparison with the virgin values. The value of h’ show little to no change in all the four tests, 
the most significant change being found it test GM2/GT2-17 (10mm displacement), having a 
value of 1.26mm, lower with 0.03mm than the virgin value (1.29mm). The tests at 5mm 
presents a value of 1.28mm, while the tests at 15mm and 20mm displacement had values of 
1.29 and 1.27 mm respectively. The trend line, exhibits a slight descendant trend, signifying 
that h’ tends to decrease with displacement, however the decrease is not significant to conclude 
that displacement influences the reduction in asperity height. Analysing the variability of the 
results, the values are well below the values found by Sia and Dixon, (2007) with the highest 
COV being found for GM2/GT2-16 (5mm) with a value of 3.21%. 
 
Figure 4.68. GM2/GT2 sheared asperity height analysis (different displacements). 
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The sheared top angle analysis presented in Figure 4.69. The ψt’ results show a reduction 
in value in comparison with the virgin value on all the 4 displacements tested. A loss of 10° is 
recorded for the 5mm test, 12° for the 10 mm test, 13° for the 15 mm test and 30° for the 20 
mm test. These results show that the top of the asperity, specifically the top angle, is subjected 
to deformation which is increasing with the displacement. Analysing the variability, only 
GM2/GT2-16 presented slightly elevated variability values, with a COV of 6.85% and Stdev of 
7.91°, the rest of the tests having uniform behaviour across the entire sample during shearing. 
 
Figure 4.69. GM2/GT2 sheared top angle analysis (different displacements). 
The top radius analysis, presented in Figure 4.70, complements the results obtained for ψt’ 
presented in the previous paragraph. The reduction in Rt’ is significant, with a loss of 27% in 
comparison with the virgin value in the case of GM2/GT2-16 (5 mm), a loss of 35% in the 10 
mm test GM2/GT2-17, a loss of 32% in the case of GM2/GT2-18 (15 mm) and finally a loss of 
26% in the case of GM2/GT2-19 (20 mm). The trend line presents the same behaviour as the 
top angle, representing a reduction of Rt’ with increasing displacement. This behaviour is also 
present in the analysis of GM showing the two asperities, which differ only in size the shape 
being the same, exhibit the same wear pattern. The variability analysis shows low variance in 
the results, the highest variance being found in GM2/GT2-19 (20 mm) with a Stdev of 0.08 mm 
and a COV of 3.40%. 
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Figure 4.70. GM2/GT2 sheared top radius analysis (different displacements). 
Figure 4.71 presents the approaching angle, ψa’, which is divided into two components, 
ψa1’ and ψa2’ as presented in Chapter 3, Section 3.6.3.7. ψa1’ results show values close to the 
virgin values in the tests at 5 mm (123°), 10 mm (128°) and 15 mm (126°) of displacement 
representing differences of 2.38% in the case of the 5 mm test and of 1.58% in the case of the 
10 mm test with the 15 mm test having the ψa1’ value identical with the virgin one. The only 
test which presented a higher reduction with respect to the virgin value is the 20 mm test 
(119°) representing a reduction of 5.55%.  
The trend line for ψa1’ shows a slight reduction with the increasing of displacement. This is 
attributed to the reduction at 20 mm test, which leads to the conclusion that the larger the 
displacement, the more deformation is imposed on ψa1’. Following ψa1’, the behaviour of ψa2’ 
is analysed in Figure 4.71. Unlike ψa1’, ψa2’, is subjected to more deformation past 10 mm of 
displacement, with values of 132° and 141° for the tests at 15 mm and 20 mm displacement 
respectively, representing increases in ψa2’ of 4.76% and 11.90%. The ψa2’ trend line shows 
an increase in values with displacement, and in comparison with the trend line of GM1, the 
increase is more substantial, showing that the upper part of the asperity is subjected to 
increased deformation. Analysing the variability values which are all below 5%, uniform 
behaviour across the entire sample is assumed. 
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Figure 4.71. GM1/GT2 sheared approaching angle analysis (different displacements). 
 
The last parameter studied is the sheared departure angle, ψd’, presented in Figure 4.72. 
The ψd’, and the ψa’ is divided into two components as presented in Chapter 3, Section 
3.6.3.7. In comparison with the virgin value (121°), both components, ψd1’ and ψd2’, present 
the same values for the 5 mm (122°), 10 mm (120°) and 15 mm (118°) displacement tests, the 
only difference being at 20 mm with ψd1’ exhibiting an increase in value to 126°, whereas ψd2’ 
shows a very small decrease to 119°. Analysing the trend lines, ψd1’ displays an increasing 
trend, due primarily to the 20 mm test, this leading to the conclusion that the higher the 
displacement, the more deformation in induced on the lower part of the asperity. In 
comparison the trend line of ψd2’ exhibits a slight decrease showing that the top part of the 
asperity on the departure angle side is not as prone to deformation. The variability analysis, as 
in the case of ψa’, shows low variability, which supports the assumption of uniform behaviour 
across the sample. 
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Figure 4.72. GM2/GT2 sheared departure angle analysis (different displacements). 
Figure 4.73 presents the SEM analysis of the GM2 sheared asperities samples. In Figure 
4.73a, which shows the 5 mm test asperity, there are reduces signs of deformation. This is also 
the case of Figure 4.73b, however the upper part of the asperity is slightly deformed. Analysing 
Figure 4.73c and Figure 4.73d, wear is present in significant with obvious signs of deformation 
and scarring on the top of the asperities. Figure 4.73 complements the findings presented above, 
showing that the wear induced on GM2 is influenced by the displacement distance at which the 
samples are sheared. 
 
Figure 4.73. Sheared GM2 asperities at different displacements: a) 5 mm; b) 10 mm; c) 15 
mm; and d) 20 mm. 
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 GM3 
The last geomembrane analysed is GM3, the results obtained after shearing at the 
mentioned displacements, being presented in Table 4.34. 
Table 4.34. GM3 sheared asperity parameters for the different displacement tests. 
1. Sheared asperity parameters for geomembrane sample GM3/GT2-12 (5 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 160 0.77 101 101 
Stdev 0.05 0.47 0.02 2.16 2.17 
COV 2.69 0.30 2.22 2.04 2.14 
2. Sheared asperity parameters for geomembrane sample GM3/GT2-13 (10 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 157 0.75 106 104 
Stdev 0.01 4.32 0.02 2.05 1.41 
COV 0.73 2.75 2.29 1.93 1.36 
3. Sheared asperity parameters for geomembrane sample GM3/GT2-14 (15 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.77 155 0.76 103 101 
Stdev 0.02 3.30 0.01 0.47 0.94 
COV 0.96 2.07 1.45 0.46 0.94 
4. Sheared asperity parameters for geomembrane sample GM3/GT2-15 (20 mm) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 155 0.77 108 105 
Stdev 0.01 2.83 0.02 0.94 2.87 
COV 0.70 1.82 2.01 0.87 2.72 
 
Figure 4.74 presents the sheared asperity height, h’, analysis for the last geomembrane 
analysed, GM3. The results show no change in comparison with the virgin asperity height 
(1.78 mm) for the 5 mm, 10 mm tests and 20 mm test with only a 0.01 mm reduction in the 
case of the 15 mm test. These results show that the increasing displacement distance does not 
influence the asperity height, which is confirmed by the sheared values trend line which is 
similar to the virgin one. Studying the variability results, uniform deformation is present 
throughout entire surface of the sample.  
The limited or non-existed reduction in h’ values for all geomembranes (GM1, GM2 and 
GM3) confirm the conclusion that increasing displacement does not influence the asperity 
height.  
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Figure 4.74. GM3/GT2 sheared asperity height analysis (different displacements) 
The sheared top angle, ψt’, analysis for GM3 is presented in Figure 4.75. There is no 
change for the 5 mm test, the ψt’ value being the same with the virgin value (160°). For the 
tests at 10 mm, 15 mm and 20 mm, a reduction in ψt’ is recorded with values of 157°, 155° 
and 155° respectively. The trend line is displaying a reduction in top angle proportional with 
the increased in displacement distance. The variability is very low, the highest COV recorded 
being 2.75% for GM3/GT2-13 (10 mm). 
 
Figure 4.75. GM3/GT2 sheared top angle analysis (different displacements) 
Following ψt’, the sheared top radius, Rt’, analysis is presented in Figure 4.76. The results 
show a reduction in values compared with the virgin values. The 5 mm displacement tests 
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recorded a reduction of 0.01 mm to a value of 0.77 mm. The 10 mm displacement, showed 
the highest reduction in Rt’ within the set of tests, with a reduction of 0.03 mm. The 15 mm 
and 20 mm tests, presented values of 0.76 mm and 0.77 mm respectively. The Rt’ trend line 
exhibited a slight reduction trend which signifies that the displacement distance influences the 
Rt’ results. The variability study showed very low variability, with the highest COV recorded 
being 2.29% for the 10 mm tests. 
 
Figure 4.76. GM3 /GT2 sheared top radius analysis (different displacements) 
Figure 4.77 presents the analysis of GM3 sheared approaching angle, ψa’. Unlike GM1 and 
GM2 approaching angles, which as presented in Chapter 3, Section 3.6.3.7 have two 
components, ψa1’ and ψa2’, due to the wear pattern developed during shearing (this being 
linked to the shape of the asperity, wider at base and narrower near to the top), GM3 features 
only on component for ψa’. This is due to the fact that the geometry of the asperity is 
different, the base and the top having the same width. As such the base does not withstand the 
same amounts of deformation as GM1 and GM2, thus the entire asperity is subjected to the 
same amount of deformation.  
The ψa’ results presented in Figure 4.77, show that the approaching angle has a significant 
increase in value with increasing displacement during shearing, meaning that the asperity is 
subjected to wear from the early stages of shearing. The 5 mm test presents a value of 101°, 
the 10 mm test a value of 106°, the 15 mm test a value of 103° and the 20 mm test a value of 
108°. Every test shows an increase with respect to the virgin value presented in Table 4.28, 
which is 100°. The trend line supports the results, showing that the ψa’ is increasing with the 
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increase in shear displacement distance. The variability analysis shows uniform deformation 
throughout the sample, with the highest COV being 2.16%, found for the 5 mm test. 
 
Figure 4.77. GM3/GT2 sheared approaching angle analysis (different displacements). 
Lastly, the departure angle, ψd’, analysis for GM3 is presented in Figure 4.78. As in the 
case of ψa’, ψd’ has only one component. The results presented in Figure 4.78, show that the ψd’ 
values are close to the value of the virgin asperity (102°), however as presented in Chapter 3, 
Section 0, the limitation of the apparatus used, does not allow for accurate representation of the 
ψd’. As such this analysis has to be combined with the qualitative analysis using SEM to obtain 
a precise overview of the wear induces on the ψd’. 
 
Figure 4.78. GM3/GT2 sheared departure angle analysis (different displacements). 
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Figure 4.79 presents the SEM analysis on the GM3 samples sheared at 5 mm, 10 mm, 15 
mm and 20 mm of displacement. Figure 4.79a is showing the 5 mm tests, and limited 
deformation is present, with low amounts on surface scarring. The 10 mm test, presented in 
Figure 4.79b, is showing that the asperity exhibits signs of deformation, the approaching face 
being tilted (the approaching angle is increasing in aperture in comparison with the one in 
Figure 4.79a) and the departure side is bulging above the base of the asperity. Figure 4.79c 
(15 mm test) shows increasing scarring on the top of the asperity as well as deformation, 
whereas Figure 4.79d (20 mm) shows extensive scarring and deformation in comparison with 
the tests performed at lower displacements.  
 
 
Figure 4.79. Sheared GM3 asperities at different displacements: a) 5 mm; b) 10 mm; c) 15 
mm; and d) 20 mm. 
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 Analysis of wear development at different normal stresses for 
geomembrane-sand interfaces 
Following the analysis of geomembrane-geotextile interfaces, geomembrane-sand 
interfaces were analyses using the same and following the same protocol employed. As in the 
case of Section 4.5.1, the normal stresses used ranged from 50 kPa to 800 kPa, these being 
applied to the three studied interfaces, with the displacement distance of 80 mm. 
 GM1 
Table 4.35 presents the results obtained after the post processing of the GM1 sheared 
samples. The results were compared with the virgin values obtained from the variability 
analysis which were considered by the author to be representative for the entire roll of 
geomembrane from which the samples were taken. The virgin parameters can be consulted in 
Table 4.24. 
Table 4.35. Sheared asperity parameters for GM1 samples (sand interface). 
1. Sheared asperity parameters for geomembrane sample GM1/S-1 (50 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.97 128 0.40 120 120 117 117 
Stdev 0.01 6.49 0.01 1.17 1.17 0.40 0.40 
COV 0.86 5.06 3.72 0.97 0.97 0.34 0.34 
2. Sheared asperity parameters for geomembrane sample GM1/S-2 (100 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.99 129 0.37 120 120 114 114 
Stdev 0.01 14.05 0.04 1.47 1.47 1.72 1.72 
COV 1.43 10.09 11.35 1.22 1.22 1.51 1.51 
3. Sheared asperity parameters for geomembrane sample GM1/S-3 (200 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.96 126 0.34 123 123 111 111 
Stdev 0.02 4.79 0.02 2.93 2.93 3.82 3.82 
COV 1.85 3.81 6.68 2.38 2.38 3.43 3.43 
4. Sheared asperity parameters for geomembrane sample GM1/S-4 (300 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.99 117 0.32 126 135 94 94 
Stdev 0.02 7.24 0.03 7.08 8.21 3.48 3.48 
COV 2.25 6.19 15.05 5.24 6.52 3.71 3.71 
5. Sheared asperity parameters for geomembrane sample GM1/S-5 (400 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.95 94 0.28 120 139 92 92 
Stdev 0.05 5.19 0.03 2.97 5.73 1.63 1.63 
COV 4.79 5.52 10.16 1.93 4.12 1.77 1.77 
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6. Sheared asperity parameters for geomembrane sample GM1/S-6 (600 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.90 116 0.39 121 140 91 91 
Stdev 0.01 10.03 0.12 2.62 0.94 1.41 1.41 
COV 0.95 8.65 30.65 1.88 0.78 1.55 1.55 
7. Sheared asperity parameters for geomembrane sample GM1/S-7 (800 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 0.88 99 0.37 122 154 94 94 
Stdev 0.02 3.12 0.06 2.74 4.82 1.98 1.98 
COV 1.65 22.74 17.08 2.21 4.00 2.12 2.12 
 
The sheared asperity height analysis for the GM1/S interface is shown in Figure 4.80. The 
h’ values for the 50 kPa – 400 kPa range are between 0.99 mm and 0.95 mm, showing a small 
reduction in asperity height. When analysis the higher normal stresses, reductions of 10 % and 
12% with respect to the virgin h can be observed, the h’ values for the 600 kPa test and 800 
kPa test being of 0.90 mm and 0.88 mm. The trend line shows a significant reduction in 
asperity height when the geotextile is replaced by sand as the upper component of the 
interface. In comparison with the GM1/GT2 interface in which the loss at 800 kPa was only 
3%, the reduction of h’ increased to 12% when testing GT/S interface. This leads to the 
conclusion that the wear and deformation induced to the h’ is up to 4 times higher at high 
normal stresses. The variability analysis showed low results with the highest COV being 
4.79% for GM1/S-5 (400 kPa), thus presenting that the wear is induced uniformly on the 
geomembrane samples. 
 
Figure 4.80. GM1/S sheared asperity height analysis. 
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The sheared top angle, presented in Figure 4.81, shows that ψt’ is recording a reduction in 
values for all the normal stresses applied. The 50 kPa and 100 kPa test show the same results 
(128°) which represents a loss of 3% with respect to the virgin value (132°). The tests at 200 
kPa and 300 kPa recorded values of 126° and 117° respectively. The 400 kPa test recorded the 
highest reduction to a value of 94°, amounting for a ψt’ loss of 29%. The high normal stresses, 
showed reductions of ψt’ of 16° (to a value of 116°) for the 600 kPa test and 33° (to a value of 
99°) for the 800 kPa test. The trend line presents that the wear induced during shearing in 
related to the increase in normal stress. The variability analysis showed increased values for all 
of the tests with the highest COV of 22.74% for the 800 kPa test, signifying that the sand 
induced wear is not uniform across the sample. 
 
Figure 4.81. GM1/S sheared top angle analysis. 
Figure 4.82 presents the sheared top radius analysis. Following the ψt’, the Rt’ shows a 
reduction in values with the increasing in normal stress. The results for the 50 kPa test present 
a reduction of 0.04 mm to a value of 0.40 mm with respect to the virgin asperity top radius 
(0.44 mm). The 100 kPa test recorded a value of 0.37 mm, the 200 kPa test a value of 0.34 
mm, the 300 kPa test a value of 0.32 mm and the 400 kPa test a value of 0.28 mm. In 
comparison, smaller Rt’ losses were recorded for the high normal stresses, with values of 0.39 
mm for the 600 kPa test and 0.37 mm for the 800 kPa test. The trend line showed a slight 
reduction in Rt’, however the high normal stresses reduce the gradient of the trend line. 
Comparing the results pattern of ψt’ with Rt’, correlations can be made as the high normal 
stresses showed lower reductions in the case of ψt’. The variability is also similar with the 
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variability found for ψt’, with the highest COV, 30.65%, being found for GM1/S-6 (600 kPa) 
test. Unlike the GM/GT interfaces which showed low variability across all parameters, the 
GM/S presents increased variability, due to the sand interaction with the geomembrane. 
 
Figure 4.82. GM1/S sheared top radius analysis. 
Figure 4.83 presents the approaching angle analysis for the GM1/S interface. As in the 
case of the GM1/GT2 and GM2/GT2 interfaces, the ψa’ is divided into the two components ψa1’ 
and ψa2’. ψa1’ results are similar with the virgin values, with the highest difference being found 
for the 300 kPa test, with a value of 126°. The trend line of ψa1’ is similar with the trend line of 
the virgin values, showing that the lower parts of the asperities do not suffer extensive amounts 
of deformation. This is similar with the results obtained in the case of GM/GT geotextile for 
GM1, showing that the wear induced on the lower parts of the asperities follow the same 
pattern. Analysing the ψa2’, an increase in values is recorded. The lower normal stress range (50 
kPa to 200 kPa), shows low difference in values in comparison with the virgin values. The 300 
kPa test shows an increase of 14° in ψa2’ to a value of 135°, the 400 kPa test records an increase 
to a value of 139° while the 600 kPa records an increase to 140 ° in ψa2’. The highest normal 
stress, 800 kPa, recorded the highest increase in ψa2’, to a value of 154°, amounting for an 
increase of 27%. The trend-line shows that the wear induced on the ψa’ is increasing with the 
increase in normal stress. This follows the same pattern as was found for GM1/GT2 interface 
analysis. The variability for both ψa1’ and ψa2’ show low values, with the highest COV being 
6.52% for ψa2’ in the GM1/S-4 (300 kPa). 
 191 | P a g e  
 
 
Figure 4.83. GM1/S sheared approaching angle analysis. 
Figure 4.84 presents the last parameter studied, the departure angle. Unlike the 
approaching angle analysed above, which recorded different values for ψa1’ and ψa2’, the ψd’ 
results found that both components of ψd’, ψd1’ and ψd2’, presented identical values. The results 
showed a reduction in ψd’ for all the normal stresses applied, with significant losses recorded on 
the 300 kPa test (26° reduction to a value of 94°), 400 kPa test (28° reduction to a value of 92°), 
600 kPa (29° reduction to a value of 91°) and 800 kPa (26° reduction to a value of 94°). The 
trend-line shows a decrease in the ψd’ value with the increase in normal stress. The variability 
analysis recorded low values with the highest COV found for the 300 kPa test, with a value of 
2.71%. 
 
Figure 4.84. GM1/S sheared departure angle analysis. 
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Figure 4.85 presents the SEM analysis of the 50 kPa test. There is no sing of geometrical 
deformation, which confirms the findings presented in the analysis above. There is however 
significant scarring on the approaching side and on the top of the asperity, showing the wear is 
induces on the asperity at low normal stresses. Figure 4.86 is the SEM analysis at 400 kPa. In 
comparison with the 50 kPa test, geometrical deformation is present as well as increased 
scarring. Indentations on the asperity induced by the sand particles can be observed. Figure 4.87 
presents the highest normal stress applied, 800 kPa, and the asperity is completely deformed 
and scarred. The wear progression is significant from the 50 kPa to 800 kPa in the tests 
involving sand, in comparison with the tests involving geotextile. The asperity deformation at 
800 kPa is comparable between Figure 4.45 and Figure 4.87 however the latter exhibits 
increasing amounts of scarring, showing that sand induced wear is more extensive than 
geotextile induced wear. 
 
Figure 4.85. SEM images of GM1 after shearing against sand at 50 kPa from 45° and 90° 
(1.00 mm asperity height). 
 
Figure 4.86. SEM images of GM1 after shearing against sand at 400 kPa from 45° and 90° 
(1.00 mm asperity height). 
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Figure 4.87. SEM images of GM1 after shearing against sand at 800 kPa from 45° and 90° 
(1.00 mm asperity height). 
 
 GM2 
The post shearing results, obtained from the post-processing of scanned GM2/S sample, 
can be consulted in Table 4.36. The virgin parameters for GM2 were presented in Table 4.26. 
Table 4.36. Sheared asperity parameters for GM2 samples (sand interface). 
1. Sheared asperity parameters for geomembrane sample GM2/S-1 (50 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.27 125 0.68 127 127 118 118 
Stdev 0.04 4.11 0.04 0.94 0.94 0.94 0.94 
COV 3.19 3.07 5.31 0.74 0.74 0.80 0.80 
2. Sheared asperity parameters for geomembrane sample GM2/S-2 (100 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.25 122 0.71 125 125 120 120 
Stdev 0.02 11.12 0.08 3.68 3.68 0.82 0.82 
COV 1.27 9.14 11.64 2.95 2.95 0.68 0.68 
3. Sheared asperity parameters for geomembrane sample GM2/S-3 (200 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.26 113 0.72 125 125 120 120 
Stdev 0.03 2.16 0.03 1.70 1.70 2.05 2.05 
COV 2.28 1.91 5.49 1.36 1.36 1.72 1.72 
4. Sheared asperity parameters for geomembrane sample GM2/S-4 (300 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.30 120 0.65 123 123 118 118 
Stdev 0.03 7.26 0.06 1.70 1.70 7.93 7.93 
COV 2.09 6.05 9.15 1.38 1.38 6.18 6.18 
5. Sheared asperity parameters for geomembrane sample GM2/S-5 (400 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.30 119 0.64 125 125 115 115 
Stdev 0.01 7.70 0.02 1.22 1.22 3.24 3.24 
COV 1.10 5.85 2.51 0.98 0.98 2.82 2.82 
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6. Sheared asperity parameters for geomembrane sample GM2/S-6 (600 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.27 114 0.58 129 129 114 114 
Stdev 0.02 3.40 0.02 1.70 1.70 0.00 0.00 
COV 1.41 2.97 2.83 1.32 1.32 0.00 0.00 
7. Sheared asperity parameters for geomembrane sample GM2/S-7 (800 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψa2’ (°) ψd1’ (°) ψd2’ (°) 
Mean 1.22 108 0.46 134 134 111 111 
Stdev 0.03 1.70 0.02 0.82 0.82 0.82 0.82 
COV 2.50 1.58 4.76 0.61 0.61 0.69 0.69 
 
Figure 4.88 presents the asperity height analysis preformed for the GM2/S interface. The 
value for the 50 kPa test was 1.27 mm, representing a reduction of 0.02 mm with respect to 
the virgin value of 1.29 mm. The 100 kPa test, showed the same value as the virgin h, while 
the 200 kPa value recorded was 1.24 mm. The following tests, at 300 kPa and 400 kPa 
showed h’ values which were 0.01 mm higher than the virgin value, however these values can 
be considered the same as the virgin value as they are within the variability range. The test at 
600 kPa recorded an h’ value of 1.27, while the highest normal stress presented the highest 
reduction in h’, to a value of 1.22. The trend line suggests that the asperity height is reducing 
with normal stress, however this is primarily due to the 800 kPa test in which the highest h’ 
loss was recorded. The variability analysis found very low variance within the results, the 
highest COV being found in GM2/S-1 test with a value of 3.19%. 
 
Figure 4.88. GM2/S sheared asperity analysis. 
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Figure 4.89 presents the top angle analysis performed on the GM2/S interface. The 
analysis showed the same value as the virgin top angle (125°) for the 50 kPa test. The 100 kPa 
test results displayed a value of 122°, the 200 kPa test a value of 113°, the 300 kPa test a 
value of 120° and the 400 kPa test a value of 120°. The higher normal stresses, 600 kPa and 
800 kPa presented ψt’ values of 114° and 108° respectively, the highest reduction being found 
on the 800 kPa test, measuring a 13.5% reduction with respect to the virgin value. The trend-
line mirrored the results, showing a reduction of ψt’ with increasing normal stress. This is 
similar with the results found for the GM/GT interfaces showing a similar wear pattern of the 
geomembranes during shearing against different materials. Variability was higher than h’, 
however when comparing it with the variability analysis performed on the top angle of 
GM/GT there are similar values showing that the variability of the sheared ψt’ is higher than 
the other studied parameters.  
 
Figure 4.89. GM2/S sheared top angle analysis 
Following the top angle, analysis was performed on the Rt’ for GM2 samples sheared 
against sand, which can be observed in Figure 4.90. The Rt’ value for the 50 kPa test was 
found to be 0.68 mm, the 100 kPa test returned a value of 0.71 mm, while the 200 kPa test 
recorded a value of 0.72 mm. The following tests presented values of 0.65 mm and 0.64 mm 
for the 300 kPa and the 400 kPa tests respectively, while the high normal stresses recorded the 
highest reduction is Rt’, with 0.58 mm for the 600 kPa test and 0.46 mm for the 800 kPa test. 
For the 800 kPa test the reduction represented a loss of 41% with respect to the virgin value 
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(0.78 mm). The trend line showed an accentuated reduction of the Rt’ with the increase in 
normal stress, while the variability analysis returned values which were in accordance with 
the values obtained for the Rt’ on the GM/GT tests. 
 
Figure 4.90. GM2/S sheared top radius analysis. 
The approaching angle analysis, presented in Figure 4.91, showed that for the 50 kPa to 
400 kPa test the results were similar with the virgin value (124°), the highest difference in this 
normal stress interval being of 1°, representing a difference of 0.8%. As such it was 
considered that the approaching angle for the tests in which the normal stress applied was up 
to 400 kPa, the approaching angle did not suffer geometrical deformation. However, 
deformation occurred for the high normal stresses, with values of 129° and 134° for the 600 
kPa test and 800 kPa test respectively. Unlike the previous analyses, where ψa’ was divided 
into two components, the ψa1’ and ψa2’ returned the same values, as such were merged into the 
same graph. The trend line showed as increase in approaching angle, which was due to the 
results obtained for the high normal stresses. Variability analysis showed a low variance with 
the highest COV being found for the GM2/S-2 (100 kPa) test with a value of 2.95%. 
 197 | P a g e  
 
 
Figure 4.91. GM2/S sheared approaching angle analysis. 
The last parameter analysed, the departure angle, presented in Figure 4.92, an overall 
reduction in values in comparison with the virgin value (120°). The 50 kPa tests returned a 
ψd’ value of 118° which was the same as the value for the 300 kPa test, while the 100 kPa and 
the 200 kPa test showed values of 120° being the same as the virgin value. The 400 kPa test, 
returned a ψd’ of 115°, while the high normal stresses displayed values of 114° and 111° for 
the 600 kPa and 800 kPa tests respectively. The trend line analysis showed a reduction in 
values with the increase in normal stress, behaviour similar with the results obtained on the 
GM/GT interfaces. Variance was also low the highest COV for the ψd’ analysis being 2.82% 
for the 400 kPa test. 
 
Figure 4.92. GM2/S sheared departure angle analysis. 
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Figure 4.93 to Figure 4.95 present the SEM analysis performed on GM2. Figure 4.93 
shows the 50 kPa test asperity and limited deformation or scarring is present on the asperity, 
with very fine sand particles being present on the lower part of the asperity. Figure 4.94, 
presenting the 400 kPa test, presents geometrical deformation of the asperity and scarring on 
the top of the asperity. Figure 4.95 presents the 800 kPa test sample, in which significant 
scarring is present on the top of the asperity and as well there are ploughing sings on the 
geomembrane sheet. In comparison with the wear induced by the sand on GM2, there is 
reduces signs of wear on GM2, leading to the conclusion that larger asperities can withstand 
wear better. 
 
Figure 4.93. SEM images of GM2 after shearing against sand at 50 kPa from 45° and 90° 
(1.29 mm asperity height). 
 
Figure 4.94. SEM images of GM2 after shearing against sand at 400 kPa from 45° and 90° 
(1.29 mm asperity height). 
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Figure 4.95. SEM images of GM2 after shearing against sand at 800 kPa from 45° and 90° 
(1.29 mm asperity height). 
 GM3 
Wear analysis was performed on GM3 as well, the results being presented in Table 4.37. 
The virgin parameters obtained after the variability analysis can be consulted in Table 4.28. 
 
Table 4.37. Sheared asperity parameters for GM3 samples (sand interface). 
1. Sheared asperity parameters for geomembrane sample GM3/S-01 (50 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 157 0.78 105 100 
Stdev 0.01 4.55 0.01 1.63 0.94 
COV 0.82 2.90 1.37 1.56 0.91 
2. Sheared asperity parameters for geomembrane sample GM3/S-02 (100 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.76 154 0.75 105 101 
Stdev 0.02 5.31 0.03 1.25 3.27 
COV 0.95 3.44 3.91 1.18 3.23 
3. Sheared asperity parameters for geomembrane sample GM3/S-03 (200 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.76 150 0.68 110 97 
Stdev 0.04 5.56 0.03 2.45 1.25 
COV 2.05 3.70 4.20 2.23 1.16 
4. Sheared asperity parameters for geomembrane sample GM3/S-04 (300 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.77 150 0.73 108 95 
Stdev 0.03 4.19 0.02 2.05 1.25 
COV 1.50 2.79 2.22 1.91 1.18 
5. Sheared asperity parameters for geomembrane sample GM3/S-05 (400 kPa) 
  h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.77 152 0.71 110 96 
Stdev 0.05 9.29 0.05 2.05 6.48 
COV 2.84 5.72 6.76 1.87 5.95 
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6. Sheared asperity parameters for geomembrane sample GM3/S-06 (600 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.76 147 0.72 113 89 
Stdev 0.02 0.82 0.02 0.94 1.41 
COV 1.34 0.52 2.99 0.91 1.43 
7. Sheared asperity parameters for geomembrane sample GM3/S-07 (800 kPa) 
 h (mm) ψt’ (°) Rt (mm) ψa1’ (°) ψd1’ (°) 
Mean 1.78 146 0.74 115 90 
Stdev 0.03 0.94 0.01 1.70 0.82 
COV 1.79 0.61 1.45 1.61 0.82 
 
 
Figure 4.96 presents the h’ analysis performed on GM3. The results showed that h’ was 
subjected to very small reductions, with the 50 kPa test recording the same value with the 
virgin h. The rest of the tests displayed values of 1.76 and 1.77, representing a loss of 1.16% 
and 0.58% respectively. As the difference were insignificant, it was concluded that the normal 
stress influence on h’ for GM3/S interface can be disregarded. The trend line showed no 
change in h’ during the increase in normal stress. The variability analysis performed on the 
selected samples showed very low variance across the samples with the highest COV value of 
2.84%. 
 
Figure 4.96. GM3/S sheared asperity height 
The top angle analysis can be observed in Figure 4.97. Unlike the h’, ψt’ showed an 
overall reduction in value with the increase in normal stress. The 50 kPa test showed a ψt’ value 
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of 157°, with a reduction of 3° with respect to the virgin value of 160°. The 100 kPa test 
recorded a ψt’ value of 154°, while the 200 kPa and the 300 kPa tests gave the same ψt’ results 
with a value of 150°. The 400 kPa test returned a ψt’ value of 152°, and the high normal stresses 
showed values of 147° and 146° for the 600 kPa and the 800 kPa test respectively. The trend 
line analysis showed a loss of ψt’ with the increase in normal stress, which was a similar 
behaviour as the results obtained for the GM/GT interface. The variability analysis for the ψt’, 
followed the same pattern, with increased variance in comparison with the other parameters, 
with the highest COV being 5.78% for the 600 kPa test. 
 
Figure 4.97. GM3/S sheared top angle analysis. 
Following the top angle, the top radius was analysed, the results being presented in Figure 
4.98. The results for the Rt’ complement the results obtained for ψt’, showing an overall 
reduction in Rt’ with the increase in normal stress. The value for the 50 kPa test was 0.78 mm, 
while the values for 100 kPa, 200 kPa and 300 kPa were found to be 0.75 mm, 0.68 mm and 
0.73 mm respectively. For the higher normal stresses the values were found to be 0.71 mm for 
the 400 kPa test, 0.72 mm for the 600 kPa test and finally 0.74 mm for the 800 kPa test. The 
trend line shows a reduction of Rt’ which is exhibits the same behaviour as the trend line for the 
ψt’. The variability analysis showed slightly higher variance than the variability results for the 
ψt’, with the highest COV being 6.76% for the 400 kPa test. 
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Figure 4.98. GM3/S sheared top radius analysis. 
Figure 4.99 presents the approaching angle analysis performed on the sheared samples of 
GM3/S interface. The ψa’ for GM3 is not split in two components as it was the case for GM1 
and GM2, due to the geometrical characteristics of the 5asperity. The results showed an 
increase in ψa’, with the 50 kPa and 100 kPa tests having a value of 105°, while the 200 kPa and 
the 300 kPa tests presented values of 110° and 108° respectively. The higher normal stresses 
showed also increases in ψa’, with the 400 kPa test having a value of 110°, the 600 kPa test a 
value of 113° and the 800 kPa test a value of 115°. The trend line showed the asperity ψa’ is 
increasing with the increase in normal stress, which exhibits a similar behaviour as the 
GM3/GT2 interface presented in Section 4.5.1.3, however the increase at the 800 kPa test is 
50% lower for the GM3/S interface that for the GM3/GT2 interface. As such it can be 
concluded that the wear induced by the sand is significantly lower that the wear induced by 
geotextile on the geomembrane. The variability analysis showed very low variance with the 
highest COV having a value of 2.23%. 
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Figure 4.99. GM3/S sheared approaching angle analysis. 
The final parameter analysed, the departure angle, is presented in Figure 4.100. The 
results showed an overall reduction in ψd’, with the 50 kPa test displaying a value of 100°, 
while the 100 kPa and the 200 kPa tests, showing values of 101° and 97°. The 300 kPa tests 
presented a ψd’ of 95° while the 400 kPa a value of 96°. Analysing the high normal stresses, the 
results showed a further loss of ψd’, to 89° for the 600 kPa test and 90° for the 800 kPa test. The 
trend line presented a clear reduction of ψd’ with the increase in normal stress, behaviour 
similar with the trend line analysed for the GM3/GT2 interface. The variability analysis 
displayed low variance across the samples, with the highest COV having a value of 5.95%. 
 
Figure 4.100. GM3/S sheared departure angle analysis. 
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The SEM analysis of the tests performed at 50 kPa, 400 kPa and 800 kPa is presented in 
Figure 4.101 to Figure 4.103. Figure 4.101 shows the 50 kPa test, in which there are no 
significant signs of deformation of the asperity. Limiter scarring is present on the body of the 
asperity, due to the sand interaction with the geomembrane during shearing. Figure 4.102 
presents the SEM analysis for the 400 kPa test, and there as deformation signs as well as 
higher amount of scarring on the top of the asperity with respect to the 50 kPa test. The 
analysis on the 800 kPa test shown in Figure 4.103, presents deformation present on the lower 
part of the asperity as well as extensive scarring on the top of the asperity, as well as sand 
particles lodged in the geomembrane sheet and the asperity. In comparison with GM1 the 
wear induced on the geomembrane is not at extensive, being similar with the wear induced on 
the GM2. This shows that the geometrical characteristic of the asperity control the amount of 
wear that the asperity can withstand. 
 
Figure 4.101. SEM images of GM3 after shearing at 50 kPa from 45° and 90° (1.78 mm 
asperity height). 
 
Figure 4.102. SEM images of GM3 after shearing at 400 kPa from 45° and 90° (1.78 mm 
asperity height). 
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Figure 4.103. SEM images of GM3 after shearing at 800 kPa from 45° and 90°(1.78 mm 
asperity height). 
 Analysis of wear development for geomembrane-clay interfaces 
Geomembrane – clay interface wear analysis was also performed to quantify the amount of 
wear induced by the interaction between the two materials. The tests are presented in Section 
4.3.2. The analysis was performed using SEM initially to observe if any geometrical 
deformation was induced on the asperities during shearing. GM2/C-04 (400 kPa) test was 
analysed using SEM due to the fact that it returned the highest peak shear stress, thus 
indicating that the interface suffered the highest amounts of wear. Figure 4.104 presents the 
SEM scanned asperity. Some of the clay particles are still present, however there is no 
evidence of wear that can be observed on the asperity. This indicates that the geomembrane 
does not suffer any wear when sheared against clay, the shear related deformations are 
occuring within the clay material. As no geomembrane wear is observed here, the focus of 
this investigation was, therefore, the interaction between geomembrane and geotextile or sand 
where geomembrane wear was observed to occur. 
 
Figure 4.104. GM2 sheared asperity against clay (test GM2/C-04 – 400 kPa).  
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4.6 Geotextile influence in interface shear strength and prototype asperity 
development 
The influence of the geotextile on interface shear strength was analysed in Figure 4.104. 
GM2/GT2-21 test is the tests in which both the geomembrane and geotextile were virgin, a 
peak shear stress of 327.13 kPa was observed. When testing an already sheared geomembrane 
against an already sheared geotextile a significant drop in shear stress can be observed in test 
GM2/GT2-22. The peak shear stress showed a value of 193.73 kPa, signifying a reduction of 
41% with respect to the previous test in which the materials were virgin. The third test 
performed involved a virgin geomembrane and a sheared geotextile, GM2/GT2-23. This test 
showed a peak shear stress of 292.50 kPa, signifying a reduction of 11%. GM2/GT2-24 test 
involved a sheared geomembrane and a virgin geotextile, the peak shear stress observed 
having a value of 212.17 kPa, representing a reduction of 36% with respect to the tests in 
which virgin material were used. 
The last test in this set, GM2/GT2-25, involved a geomembrane sample which was sheared 
twice in order to induce significant deformation to the asperity and a virgin geotextile. This 
was done in order to test the hypothesis that hooked asperities produce improved shear stress 
during shearing. A peak shear stress of 313.12 kPa was observed, representing a reduction of 
only 4.3% with respect to the virgin material test. 
 
Figure 4.105 – Tests studying the effect of geotextile on interface shear strength and 
prototype asperity development. 
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Table 4.38. Peak strength results for test studying the effect of geotextile on interface shear 
strength and prototype asperity development 
 τP (kPa) 
GM2/GT2-21 327.23 
GM2/GT2-22 193.73 
GM2/GT2-23 292.50 
GM2/GT2-24 212.17 
GM2/GT2-25 313.12 
 
 The results show that the interface shear stress of the sheared geotextile – virgin 
geomembrane was higher than the interface shear stress of the virgin geotextile – sheared 
geomembrane. This signifies that the wear influence is greater than the geotextile influence on 
the interface behaviour. 
Also, the deformation induced, by shearing two times, on the sample asperities 
(GM2/GT2-25) creates a hook like shape. This hook like shape, when tested against virgin 
geotextile produces similar results with the virgin normal materials. The slight reduction is 
attributed to the wear induced on the asperities. However, there is a possible increase in shear 
strength if the material were to be virgin. As such using rapid prototyping, the hook like 
asperity was replicated and tested, the results being presented in Section 4.7.1. 
Analysis was performed on the geotextile to identify the wear induced on the geotextile 
during shearing. Although Figure 4.106 and Figure 4.107 show extensive wear post shearing 
the results presented above, clearly show that wear induced on the geotextile is not 
influencing the post-peak shear behaviour, this being controlled by the wear induced on the 
geomembrane texture. 
Whilst Figure 4.106 and 4.107 show significant changes post shearing, during the tests this 
material would be compressed under load allowing the geomembrane to interact with the 
geotextile fibres in a confined state. 
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Figure 4.106. Images showing the wear developed on the geotextile at: a) 400 kPa and b) 
50 kPa 
 
Figure 4.107. Image showing the tracks induced by shearing on to the geotextile. 
4.7 Geomembrane prototypes direct shear testing 
 Geomembrane – Geotextile interfaces 
The first series of tests carried out were using geomembrane - geotextile interfaces. 
Samples were prepared using both FFF and SLS methods to firstly replicate a standard 
geomembrane (GM1), then secondly to investigate changes in the geometric configuration of 
the geomembrane texture. 
 Comparison of factory and manufactured texturing 
Figure 4.108 presents the shear stress displacement curves of GM1 in comparison to those 
produced by FFFs and SLSs. The peak shear stress values can be observed in Table 4.39. At 
50 kPa normal stress the SLSs samples and factory materials follow a similar trend of shear 
behaviour with the SLSs exhibiting a 4.5% higher peak value. At 200 kPa normal stress there 
is only 3% difference between the peak values, however, GM1 exhibits an earlier peak at 
around 6mm displacement, and less post-peak shear strength loss is observed for the SLSs 
material. At 400 kPa normal stress there is a more discernible difference of 12.3% as wear of 
the HDPE surface (GM1) limits shear strength development, but the PA SLS material is more 
resistant to this damage. A better correlation is observed between the rapid prototyped and 
 
 
   
Figure 6 - Side view of sheared geotextile a) with GM-1 b) with GM-2 
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GM1 at lower normal stresses, but as the HDPE wear increases at higher normal stresses, the 
trends diverge more noticeably. 
The relative performance of FFFs samples to those manufactured using SLS is also given 
in Figure 4.108. The FFFs samples exhibited 13.9 and 9.9% higher peak shear stress than the 
SLSs samples at 50 and 200 kPa respectively. At 400 kPa the results show a difference of 
only 0.3% between the peak values for the SLSs and FFFs samples.  
 
Figure 4.108. Comparison between GM1, LSSs (spike) and FFFs (spike) samples 
Table 4.39. Peak strength results for GM1, LSSs and FFFs tests. 
 τP (kPa) 
LSSs/GT2-01 44.82 
LSSs/GT2-02 115.21 
LSSs/GT2-03 228.67 
GM1/GT2-04 37.38 
GM1/GT2-05 111.39 
GM1/GT2-06 200.36 
FFFs/GT2-07 51.06 
FFFs/GT2-08 126.41 
FFFs/GT2-09 227.92 
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 Asperity shape 
Besides the comparison of different RP samples to the GM1, an investigation was 
performed which varied the asperity shape parameters comparing a standard spiked asperity 
(LSSs) to a hooked asperity (LSSh). Hook and Loop interaction has been discussed by several 
authors (Chapter 2, Section 2.4.1.3). However, due to the manufacturing process it has 
remained difficult to directly contract materials with and without hooks. Rapid prototyping 
allows a direct comparison of hooked and non-hooked asperities to directly assess the 
influence on interface shear strength. The nature of the shapes used are presented in Chapter 
4, Section 3.7.2. Whilst more aggressive hooks have been trialled, the authors have selected 
those reported below to represent shapes more achievable in the geomembrane sprayed and 
co-extruded manufacturing processes.  
The results from shear box testing are shown in Figure 6 and it is immediately apparent 
that the hooked asperities give significant increase in shear strength at low normal stresses. A 
30.9 kPa increase in shear strength was observed at 50 kPa confining stress for hooked 
asperities. The influence of the hooks is reduced at 200 kPa normal stress with the hooked 
asperities resulting in a 20.7 kPa increase in shear strength. At 400 kPa the hooks actually 
gave a slightly lower peak shear strength.  
 
 
Figure 4.109. Comparison between LSS samples with spikes (LSSs) and with hooks 
(LSSh) 
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Table 4.40. Peak strength results for LSSs and LSSh tests 
 τP (kPa) 
LSSs/GT2-01 44.82 
LSSs/GT2-02 115.21 
LSSs/GT2-03 228.67 
LSSh/GT2-10 75.77 
LSSh/GT2-11 135.90 
LSSh/GT2-12 212.75 
 
 Geomembrane – Sand interfaces 
As with the geotextile tests, a comparison was carried out between SLSs manufactured 
and the reference GM1 geomembrane. Figure 4.110 shows the shear stress displacement 
relationships for the geomembrane-sand interfaces. The shear stress results can be observed in 
Table 4.41. At 50 kPa the reported shear stresses were very similar in the SLS manufactured 
and tests GM1. At 200 and 400 kPa the SLS samples gave a higher strength by 10.0% and 
11.1% respectively. Of particular note was the earlier (lower displacement) and higher peak at 
400 kPa for the SLS samples. 
 
Figure 4.110. Comparison between GM1 geomembrane and LSSs prototype sheared 
against sand. 
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Table 4.41. Peak shear strength of GM1 and LSSs samples 
 τP (kPa) 
LSSs /S-01 57.23 
LSSs /S-02 154.53 
LSSs /S-03 365.84 
GM1/S-04 57.6 
GM1/S-05 169.98 
GM1/S-06 325.22 
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CHAPTER 5  
DISCUSSION OF RESULTS 
 
5.1 Introduction 
This chapter will discuss the results presented in Chapter 4 and will provide an 
examination regarding trends and their significance. The discussion will follow the same 
structure of the results chapter focusing on the following areas of study: 
• Field instrumentation implications 
• Wear parameter analysis 
• Shear strain correlation to wear parameters 
• Geomembrane texture prototyping 
 
5.2 Field instrumentation implications 
The most prominent observation from the results presented in Section 4.2 is the magnitude 
of the recoded displacements. Figure 5.1 presents the measured shear stress displacement 
curves using a 300mmx300mm direct shear apparatus (DSA) for the GM - GDL interface for 
10, 20 and 50 kPa normal stresses. The peak shear strength is mobilized below 6mm, 
however, the recoded field relative displacements in the field instumentation were up to 
~160mm, twice that in a typical geosynthetic DSA test.  
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Figure 5.1. Shear box test results for GM GDL Interface 
 
The largest initial displacements occurred during the placement of the first 500 mm of soils 
on the slope, therefore, the stress range at this level was between 0 and 10 kPa, with further 
displacements of 10s of millimetres occurring during the second phase of soil placement with 
a stress range of 10-60 kPa. The displacement magnitudes were in excess of what was 
expected, and what is not clear from these results is the exact stress paths (full displacement-
stress history) experienced by the interfaces during placement of the soils. Unlike in a typical 
DSA test, normal stress, displacement and shear stress are all changing during the tests, 
therefore, it is not simply a question of what displacement has occurred, but also at what 
normal stress and most importantly what physical affect this has had on the interface.  
A limitation of this study was that continuous monitoring was not available for the 
extensometers during placement of the fill. This, along with detailed survey records for the 
soil placement would have allowed a more detailed assessment of the stress path to be 
determined.  
5.3 Wear parameters analysis 
 Normal Stress influence on wear development 
The post shear wear analysis presented in Chapter 4 Section 4.5 showed that normal stress, 
displacement and materials, each influence the amount of wear induced on the geomembrane 
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texture. The magnitude of wear was quantified using the wear parameters presented in 
Chapter 3, Section 3.5.3. Geomembrane samples were sheared during tests which were 
performed at a wide range of normal stresses (50 kPa – 800 kPa) this covering geotechnical 
structures such as a landfill cover where normal stresses acting on the interfaces are low 
(Fowmes, 2007) to mining project in which normal stress is high (Lupo and Morrison, 2007). 
The analysis performed on the asperity height on the GM1/GT2 interface tests showed a 
slight decrease in asperity height based on the trend-line of the sheared asperity height values, 
however, the results fall within two standard deviations of the virgin values as indicated in 
Figure 4.38. This indicates that wear is induced on the asperity height, however, it is not 
statistically significant given the natural variability of this parameter. GM2/GT2 interface 
tests showed consistent results for the 50 – 400 kPa stress range with the GM1/GT2 interface, 
the asperity height for GM2/GT2 test for this range falling within two standard deviations of 
the virgin values. However, analysing the high normal stress tests in Figure 4.46, the asperity 
height is clearly suffering significant deformation, the difference between the sheared and 
virgin values being higher than two standard deviations of the virgin values for the 600 kPa 
test, and six standard deviations of the virgin values for the 800 kPa test. In comparison with 
GM1, the asperity height is subjected to significant deformation at high normal stresses. GM3 
sheared asperity height evolution, presented in Figure 4.54 shows limited deformation, the 
sheared asperity values all falling within two standard deviations of the virgin values, leading 
to the conclusion that no significant wear is induced on the asperity height during shear.  
The top angle analysis for GM1/GT2 interface showed significant deformation within the 
100 kPa to 800 kPa normal stress range, with the results falling within two standard 
deviations of the virgin values only for the 50 kPa test. The trend-line presented a decreasing 
trend with the increase in normal stress, showing that wear increases with the increase in 
normal stress. The same behaviour was encountered for the GM2/GT2 interface presented in 
Figure 4.47, showing that at a low normal stress of 50 kPa the wear is coincident with two 
standard deviations range of the virgin top angle, whilst at higher normal stresses the sheared 
asperities top angle values are outside the two standard deviation range of the virgin asperity, 
meaning that the asperity suffered significant deformation. Although the top angle showed 
significant deformation for GM1 and GM2, the analysis on GM3/GT2 presented in Figure 
4.55 showed no clear deformation of the top angle, the sheared asperity standard deviations 
are falling within two standard deviations of the virgin values.  
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While the geomembrane-geotextile interfaces showed significant deformation present for 
GM1 and GM2 from 100 kPa to 800 kPa, the tests against sand showed significant 
deformation only at high normal stresses 400 kPa to 800 kPa for GM1/S tests. GM2/S tests 
show significant deformation only for the 800 kPa tests, as presented in Figure 4.89, while the 
GM3/S tests did not return any values that would indicate significant deformation, all the 
sheared asperities standard deviations falling within two standard deviations of the virgin 
values. A clear difference can be seen between the geomembrane-geotextile and 
geomembrane-sand interfaces, in particular for GM1 and GM2, which show increased wear 
from the low normal stresses, while the sand induces wear on the geomembrane at high 
normal stresses only. This is due to the fact that the geotextile presented the same interaction 
mechanism throughout the entire duration of the tests, while the sand changes the interaction 
mechanism at high normal stresses where the sand grains are considered to be ploughing on 
the geomembrane, thus inducing increased amounts of wear. 
Correlated to the top angle, is the top radius of the asperity. The GM1/GT2 test set showed 
the same pattern at the top radius. However, the variability is significantly higher for the top 
radius with respect to the top angle, and also there is not a clear increase with the increase in 
normal stress, as the results for the 300 kPa show higher wear than the results for 800 kPa. 
The wear of the top radius is similar for the GM2/GT2 interface, with high variability and no 
clear indicator of a trend in wear development at this interface. As in the case of the top angle, 
the top radius for GM3/GT2 presented in Figure 4.56, shows no clear deformation, the 
sheared top radius values falling within two standard deviations of the virgin values. 
Analysing the geomembrane-sand interface, similarities in wear development patterns can be 
observed with respect to the geomembrane-geotextile interfaces. 
 These similarities show that the top radius exhibits high variability and does not show 
clear wear development patterns for none of the studied interfaces. Approaching and 
departure angles were found to be the most significant wear indicators during the wear 
analysis. As stated in Section 3.6.3.7, both approaching, and departure angles are developing 
two components during the shearing process. GM1/GT2 interface approaching angle, 
presented in Figure 4.41 exhibited limited deformation with respect to the first component at 
low normal stresses, the values being within two standard deviations of the virgin range, 
while the higher normal stresses values showed clear deformation with difference of more 
than two standard deviations of the virgin values. In contrast, the second component of the 
approaching angle at this interface showed significant deformation at low normal stresses as 
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well, with one standard deviation for the 50 kPa test to ten standard deviations for 800 kPa. 
This is showing that the asperity is deforming at different rates along its height, the lower part 
which is wider suffering less wear than the upper part which is more prone to deformation. 
GM2/GT2 exhibits a similar behaviour. However, the wear is reduced at low normal stresses, 
the results falling within two standard deviations from the virgin values. The first component 
shows limited deformation throughout the normal stress range, while the second component 
presents clear deformation only at 600 kPa and 800 kPa normal stresses. GM3/GT2 interface 
does not present two components for the approaching angle due to the geometrical 
characteristics of the asperity. The wear induced at this interface is significant at higher 
normal stresses (400 kPa to 800 kPa), whilst the low normal stresses are not exhibiting clear 
deformation.  
In comparison with the geomembrane-geotextile interfaces, the geomembrane-sand 
interfaces presented only one component for the approaching angle, showing that the 
deformation behaviour is different between the two interfaces. The GM1/S analysis presented 
in Figure 4.80 showed significant wear only at high normal stresses, which as mentioned 
earlier, it is thought to be attributed to the change in interaction between the geomembrane 
and sand which at high normal stresses, is considered to be ploughing on the geomembrane, 
thus the major deformation and wear presented in Figure 4.87. GM2/S did not show the same 
amounts of deformation at high normal stresses as GM1/S interface, all the results being 
within the two standard deviation of the virgin values range. GM3/S interface exhibited a 
similar behaviour with the GM1/S interface, showing significant wear at high normal stresses.  
These differences in the amount of wear induced on the approaching angle are attributed to 
the geometrical characteristics of the base of the asperities, the wider the base of the asperity 
(GM2) the lower the wear sustained. 
The final parameter studied, the departure angle, exhibits the same behaviour as the 
approaching angle, being divided into two components. GM1/GT2 interface showed limited 
to no wear for the first component, all the result being within the virgin two standard 
deviations. The second component, as presented in Figure 4.42 shows similar behaviour for 
the low normal stresses (50 kPa to 200 kPa), after which significant deformation is induced on 
the interface. In comparison, the GM2/GT2 interface exhibits limited deformation for both 
components of the departure angle, signifying that the geometrical characteristics of the 
asperity influence the wear amount induced on the asperity. Similar to the approaching angle, 
the departure angle for the GM3/GT3 interface presented only one component, which 
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exhibited no significant deformation for lower normal stresses, while at higher normal 
stresses the difference was of two standard deviations outside the virgin range, thus showing 
that wear is significant on those samples. Analysing the geomembrane-sand interfaces, the 
departure angle presented similar values for GM1/S tests, the amount of wear induced on the 
asperities being significant for all the normal stresses applied but the 50 kPa test. In 
comparison the wear on the sand tests was significantly higher than the tests performed on 
geotextile for the GM1 geomembrane. The tests on GM2/S interface showed limited 
deformation, the majority of the sheared results overlapping the virgin results, with the only 
significant amount of wear induced being at 800 kPa. A similar behaviour was encountered at 
GM3/S interface, where the departure angles presented significant deformation at the higher 
normal stresses (600 kPa and 800 kPa). 
Clay testing was also performed, and wear analysis was undertake using the SEM method. 
After the analysis presented in Section 4.5.4, no geomembrane wear was observed, the focus 
of this investigation being, therefore, the interaction between geomembrane and geotextile or 
sand where geomembrane where wear was observed to occur. 
Several key parameters give a strong, statistically significant, indicator of the amount of 
wear induced on an asperity, whilst others have unclear trends or trends are within the 
variability of the virgin materials as indicated by the two standard deviation bands on Figures 
4.38 to 4.58 and Figures 4.80 to 4.100. The asperity height showed that the majority of the 
results in all the tests were within the two standard deviations of the virgin values, thus 
meaning that the wear was not sufficiently statistically significant to be utilised as a wear 
indicator. The top radius, although showing significant wear, the results showed very high 
variability, this is dismissed in this study as not sufficiently reliable to assess wear 
development on the asperity. In comparison, the top angle, approaching angle and departure 
angle, presented consistent results, which were well outside of the virgin standard deviation 
band, thus leading to the conclusion that these parameters are significant when analysing wear 
on the asperity. 
 Displacement influence on wear development 
The analysis performed to investigate the wear development during the initial stages of the 
shearing (5 mm – 20 mm) presented in Chapter 4, Section 4.5.2 showed that there is a 
correlation between the wear induced on the geomembrane texture and the early stages of the 
shearing process. The testing was performed at a normal stress of 400 kPa as it was shown 
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that geomembranes exhibit less wear at lower normal stresses (Frost et al., 2002; Zaharescu et 
al., 2015). The analysis was performed on each geomembrane with focus on the parameters 
defined in Chapter 3 Section 3.6.3.7. 
The asperity height showed no deformation for the 5 mm – 20 mm displacement range for 
all 3 geomembranes tested, leading to the conclusion that the asperity height remains constant 
throughout the first 20 mm of shearing. In contrast, the other parameters analysed showed 
significant changes during this shearing distance. The sheared top angle exhibited 
deformations in all 3 geomembranes tested, however GM1 and GM2 displayed reductions of 
36% and 24% with respect to the geomembrane’s virgin values, whereas GM3 showed a 
reduction of 3.2%. This shows that the asperity shape is influencing the deformation shape 
induced on the asperity during shear. The top radius showed the same behaviour as the top 
angle for all 3 displacements showing correlation between the two parameters.  
The results showed that the parameters which sustain the largest amounts of deformation 
were the approaching and departure angles. For all 3 geomembranes the approaching angle 
showed deformations, GM1 and GM2 having two components for the approaching angles due 
to the geometrical characteristics of the asperities, and GM3 having only one component for 
the approaching angle. The results showed that the wear induced on the second component of 
the approaching angle (as defined in Section 3.6.3.7) for GM1 and GM2 is increasing with 
displacement during the early stages of shearing, whereas the first component is subjected to 
limited deformation. GM3 approaching angle is exhibiting the same behaviour, however the 
entire asperity is subjected to deformation, showing that geometrical characteristics of the 
asperity are influencing the behaviour of the interface and inherently the wear development on 
the geomembrane. The departure angle presented similar behaviour with the approaching 
angle for all 3 geomembranes however the difference being that the departure angles were 
increasing in values due to the shearing process.  
Combining the analysis for both sheared approaching angles and sheared departure angles, 
GM1 asperities showed low deformation near the base of the asperity and higher deformation 
in the upper part of the asperity. The same behaviour was observed for GM2. This leads to the 
conclusion that the wider the base of the asperity, the lower the deformation induced by the 
shearing process, whereas the upper part of the asperity which has a lower width is more 
prone to deformation. However, this behaviour was not similar in the case of GM3 as the 
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geometrical characteristics (specifically the base of the asperity was not wider than the rest of 
the asperity) are different in comparison with GM1 and GM2.  
SEM analysis was performed on sheared samples in combination with the 3D profiler as it 
was shown that features can be missed or misinterpreted (Zaharescu et al., 2015) when using 
other techniques. The results showed that there is need for both quantitative and qualitative 
analysis in order to obtain an accurate representation of the wear development. This is due to 
the fact that both techniques present limitations as presented in Section 3.6.2 and Section 0 
which can be overcome by combining the two techniques when performing analyses. The 
influence of displacement distance during the early stages of shearing is shown to be 
significant on the top angle, top radius, approaching and departure angles, while the asperity 
height is not influenced by the early displacements during shearing. Also the asperity shape 
and geometrical characteristics are influencing the wear development of the geomembrane. 
 
5.4 Shear strain correlation to wear parameters  
To be able to understand what is happening during shearing and how the wear is 
developing, analyses were performed on the wear key parameters presented in Section 5.3. 
These parameters were correlated to the peak and post-peak shear stress reduction to gain an 
overview of the influencing factors which control wear development. Also correlations were 
made between the post-peak shear stress reduction and wear. The parameters values are 
presented in Table 5.1 for GM/GT interface and Table 5.2 for GM/S interface. 
 
Table 5.1. Geomembrane-geotextile interface shear stress and wear parameters values. 
  
Peak 
shear 
stress 
(kPa) 
Large 
displacements 
shear stress 
(kPa) 
% Loss 
(%) 
Top 
angle 
(°) 
Approaching 
angle 1 (°) 
Approaching 
angle 2(°) 
Departure 
angle 1 (°) 
Departure 
angle 2 (°) 
GM1
/GT2 
Virgin 
values n/a n/a n/a 132 121 121 120 120 
50 28.04 17.90 36.16 120 120 125 120 120 
100 49.93 36.36 27.18 111 119 128 120 120 
200 99.31 64.57 34.98 102 121 135 121 120 
300 132.95 95.50 28.17 112 121 139 120 106 
400 173.14 106.90 38.26 107 125 143 121 103 
600 283.95 157.65 44.48 110 129 150 91 n/a 
800 316.45 131.93 58.31 100 131 155 100 n/a 
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GM2
/GT2 
Virgin 
values n/a n/a n/a 125 126 126 120 120 
50 31.30 13.21 57.80 121 126 126 119 119 
100 72.17 27.68 61.65 106 127 125 121 121 
200 152.49 62.41 59.07 88 126 131 119 123 
300 236.05 79.76 66.21 79 127 131 117 126 
400 289.24 104.01 64.04 98 128 134 118 125 
600 330.63 145.77 55.91 89 129 144 116 n/a 
800 405.04 192.77 52.41 87 129 150 113 n/a 
GM3
/GT3 
Virgin 
values n/a n/a n/a 160 100 n/a 102 n/a 
50 34.19 16.82 50.80 160 109 n/a 102 n/a 
100 72.17 27.67 61.66 162 108 n/a 103 n/a 
200 152.49 62.41 59.07 153 104 n/a 102 n/a 
300 236.05 79.76 66.21 153 104 n/a 102 n/a 
400 302.27 127.52 57.81 155 114 n/a 92 n/a 
600 402.19 178.90 55.52 149 124 n/a 93 n/a 
800 417.93 219.05 47.59 149 128 n/a 92 n/a 
 
 
 
Table 5.2. Geomembrane-sand interface shear stress and wear parameters values. 
  
Peak 
shear 
stress 
(kPa) 
Large 
displacements 
shear stress 
(kPa) 
% Loss 
(%) 
Top 
angle 
(°) 
Approaching 
angle 1 (°) 
Approaching 
angle 2(°) 
Departure 
angle 1 (°) 
Departure 
angle 2 (°) 
GM1
/S 
Virgin 
values n/a n/a  132 121 121 120 120 
50 46.12 37.84 2.78 128 120 120 117 117 
100 75.43 63.48 15.84 129 120 120 114 114 
200 162.26 134.03 17.40 126 123 123 111 111 
300 212.17 183.96 13.30 117 126 135 94 94 
400 287.06 265.36 7.56 94 120 139 92 92 
600 386.77 354.99 8.22 116 121 140 91 91 
800 484.18 454.99 6.03 99 122 154 94 94 
GM2
/S 
Virgin 
values n/a n/a n/a 125 126 126 120 120 
50 39.61 27.68 30.12 125 127 127 118 118 
100 80.86 63.49 21.48 122 125 125 120 120 
200 155.74 139.47 10.45 113 125 125 120 120 
300 244.74 204.59 16.41 120 123 123 118 118 
400 284.90 266.44 6.48 119 125 125 115 115 
600 377.00 346.79 8.01 114 129 129 114 114 
800 457.00 431.68 5.54 108 134 134 111 111 
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GM3
/S 
Virgin 
values n/a n/a n/a 160 100 n/a 102 n/a 
50 43.96 29.84 32.12 157 105 n/a 100 n/a 
100 83.03 65.67 20.91 154 105 n/a 101 n/a 
200 151.40 125.36 17.20 150 110 n/a 97 n/a 
300 228.47 195.90 14.26 150 108 n/a 95 n/a 
400 295.76 264.28 10.64 152 110 n/a 96 n/a 
600 382.78 357.97 6.48 147 113 n/a 89 n/a 
800 505.28 467.83 7.41 146 115 n/a 90 n/a 
 
Figure 5.2 presents the evolution of the loss in post-peak shear stress against the wear 
induced on the asperity top angle at different normal stresses for GM1/GT2 interface (green) 
and GM1/S interface (red). The post-peak shear stress loss represented by the % Loss is 
exhibiting an increasing trend for the geomembrane-geotextile interface, while for the 
geomembrane-sand interface the post-peak shear stress reduction is lower at high normal 
stresses (400 kPa to 800 kPa) in comparison with the lower normal stresses. This indicates 
that the interaction between the materials during shearing at high normal stresses is different 
for the two materials.  
While the geomembrane-geotextile interact using hook and loop throughout the entire 
range of normal stresses, at high normal stresses the geomembrane-sand interface interaction 
is dominated by the sand particles ploughing into the geomembrane sheet. The top angle 
evolution is exhibiting similar behaviour with reduction in value at high normal stresses. The 
difference between the two interfaces is that, although the top angle value at 800 kPa is 
similar, the post-peak shear loss is significantly different. This shows that for the 
geomembrane-geotextile interface, the interaction between the asperities and the geotextile 
fibres controls the interface behaviour for all normal stresses. In contrast the geomembrane-
sand interface exhibits two mechanisms, where the asperities interact with the sand to produce 
shear stress (50 kPa to 300 kPa) and where the sand particles are ploughing into the 
geomembrane sheet (400 kPa to 800 kPa). 
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Figure 5.2. % Loss of normal stress vs top angle at different normal stresses: GM1/GT2 
(green) and GM1/S (red). 
Figure 5.3 presents the comparison between the GM2/GT2 and GM2/S top angle evolution 
during shearing and the post-peak shear stress reduction. In comparison with the GM1/GT2 
tests presented in Figure 5.2 which shows an increase in % Loss with the increase in normal 
stress, for GM2/GT2 there is no clear trend, the % Loss being considered constant. In 
contrast, the GM2/S presents a similar trend, the post-peak shear stress reduction being 
inversely proportional with the increase in normal stress, which is being attributed to the 
change in interaction mechanism between the materials as explained for GM1/S interface. The 
wear induced on the top angle exhibits similar trends for both GM2/GT2 and GM2/S 
interfaces. However, the wear at 800 kPa is 87º for GM2/GT2 while for GM2/S is 108º 
showing that the wear induced on the top angle by the geotextile is significantly higher that 
the wear induced by sand on the top angle. 
 
Figure 5.3. % Loss of normal stress vs top angle at different normal stresses: GM2/GT2 
(green) and GM2/S (red). 
The post-peak shear stress reduction and the top angle wear evolution for GM3 against 
geotextile and sand is presented in Figure 5.4. As in the case of GM2/GT2, GM3/GT2 
interface post-peak shear stress loss is relatively constant throughout the entire range of 
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normal stresses. In contrast the GM3/S interface post-peak shear stress loss exhibits the same 
pattern as GM1/S and GM2/S, being inversely proportional with the increase in normal stress. 
The wear induced in the top angle is similar for both geotextile and sand interfaces, showing 
that the geometrical characteristic of the asperity (see Chapter 3, Section 3.2.1) is influencing 
the amount of wear it can withstand. 
 
Figure 5.4. % Loss of normal stress vs top angle at different normal: GM3/GT2 (green) 
and GM3/S (red). 
As presented in Section 5.3, the approaching angle is a key parameter in analysing wear 
induced on the geomembrane. Figure 5.5 presents the evolution of the approaching angle for 
GM1. The post-peak shear stress reduction is direct proportional with the increase in shear 
stress for the geomembrane-geotextile interface, while for the geomembrane-sand interface 
this is inversely proportional. This shows that post-peak the interaction between the 
geomembrane and sand returns higher values of shear stress, thus stronger interfaces. The 
wear on the approaching angle is increasing with normal stress in the case of the 
geomembrane-geotextile interface, both components of the approaching angle exhibiting 
significant increases in values thus increased amounts of wear. In the case of the 
geomembrane-sand interface the first component of the approaching angle does not exhibit a 
clear trend, however, the deformation sustain is low in comparison with the virgin values. The 
second component of the approaching angle for the GM1/S interface presents a similar trend 
with the second component of the approaching angle for GM1/GT2 interface, exhibiting an 
increase in wear. This shows that the top of the asperity, where the second component of the 
approaching angle is developing, as presented in Chapter 3 Section 3.6.3.7, is subjected to 
significantly higher deformation that the lower part of the asperity. With respect to the post-
peak shear stress reduction, the GM1/S interface is showing invers proportionality between 
the post-peak shear stress reduction and the wear induced on the asperity. 
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Figure 5.5. % Loss of normal stress vs approaching angle evolution (both components) at 
different normal stresses: GM1/GT2 (green) and GM1/S (red) 
The approaching angle analysis for GM2 geomembrane is presented in Figure 5.6. 
Similarly with the GM1 top angle, the post-peak shear stress reduction is not exhibiting a 
clear trend in comparison with the increase in normal stress (GM2/GT2-green), whereas 
GM2/S interface follows the same behaviour as before, showing invers proportionality 
between the % Loss and the increase in normal stress. Analysing the wear induced on the 
approaching angle, a clear increase in deformation of the both components of the approaching 
angle for GM2/GT2 interface is present, the second component showing very high wear at the 
high normal stresses. This reinforces the conclusion that the upper part of the asperity is more 
prone to wear development than the bottom part of the asperity. For the interface between 
GM2 and sand, both components of the approaching angle presented the same values, 
exhibiting an increase in wear at high normal stresses. However, the wear for GM2/S at high 
normal stresses is not as pronounced as the wear on the GM2/GT2 interface. This is thought 
to be due to the post-peak waviness behaviour of the GM2/GT2 interface which increases the 
wear on the asperities. 
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Figure 5.6. % Loss of normal stress vs approaching angle evolution (both components) at 
different normal stresses: GM2/GT2 (green) and GM2/S (red) 
The wear evolution of the approaching angle for GM3 for both geotextile and sand 
interfaces are presented in Figure 5.7. The % Loss for the GM3/GT2 interface is consistent with 
the GM2/GT2 interface, not showing any clear trends with the increase in normal stress. The 
post-peak shear stress reduction for the GM3/S is however, exhibiting a clear reduction in % 
Loss with the increase in normal stress. This behaviour is consistent with the approaching angle 
results for GM1 and GM2 geomembranes. In terms of wear induced on the approaching angle, 
for GM3 only one component is found, due to the geometrical characteristics of the asperity. 
The wear induced on the approaching angle is presenting a slight increase with the increase in 
normal stress, however is not as significant as the wear induced on GM1 or GM2. Comparing 
the GM3/GT2 and GM3/S, the geomembrane-geotextile interface, although not clearly 
represented in Figure 5.7, is exhibiting increased wear at the higher normal stresses. 
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Figure 5.7. % Loss of normal stress vs approaching angle evolution at different normal 
stresses: GM3/GT2 (green) and GM3/S (red) 
As stated in Section 5.3, the departure angle is a key parameter for indicating wear on the 
asperity. Wear development and post-peak shear stress reduction for GM1/GT2 and GM1/S 
interfaces are presented in Figure 5.8. The post-peak shear stress reduction is increasing with 
the increase in normal stress for GM1/GT2 interface, while for the GM1/S interface the post-
peak shear stress reduction is decreasing. This shows the difference in interaction mechanism 
for the two materials used in conjunction with the geomembrane. The wear development for the 
departure angle presents two components for the GM1/GT2, the first component exhibiting 
reduction only at high normal stresses (600 kPa and 800 kPa). For the second component, 
readings could not be taken for the high normal stresses due to the limitation of the scanning 
apparatus, as presented in the Chapter 3 Section 3.6.3. The reduction of the second component 
of the departure angle for GM1/GT2 interface is clear at 300 kPa and 400 kPa, in comparison 
with the first component which did not show any wear at these normal stresses. This shows that 
the upper part of the asperity is more prone to wear than the bottom part of the asperity. The 
departure angle components for the GM1/S interface, presented identical values, with an 
increase in wear with the increase in normal stress.  
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Figure 5.8. % Loss of normal stress vs departure angle evolution (both components) at 
different normal stresses: GM1/GT2 (green) and GM1/S (red) 
The evolution of the wear development for the GM2/GT2 and GM2/S interfaces is 
presented in Figure 5.9. The post-peak shear stress reduction for the GM2/GT2 interface is not 
exhibiting a decreasing trend as in the case of GM2/S interface. The wear development of the 
departure angle first component for the GM2/GT2 interface follows a descending trend with the 
increase in normal stress, showing the increase in wear at higher normal stresses. The second 
component of the departure angle, as with the GM1 geomembrane, could not be obtained for 
the high normal stresses due to the limitations of the scanning apparatus. A similar behaviour is 
present in the analysis of the departure angle for the GM2/S interface in comparison with the 
first component of the GM2/GT2 interface. The departure angle is decreasing in value with the 
increase in normal stress. However, for the geomembrane-sand interface both components of 
the departure angle have the same values, showing that the wear is uniform throughout the 
asperity, which is not the case for the geomembrane-geotextile interface. Although the wear is 
present at the GM2/S interface, in particular at high normal stresses, the post-peak shear stress 
reduction is low, showing that the interface is stronger at large displacement in comparison with 
the geomembrane-geotextile interface which exhibits 50% loss at large displacement for the 
800 kPa test. 
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Figure 5.9. % Loss of normal stress vs departure angle evolution (both components) at 
different normal stresses: GM2/GT2 (green) and GM2/S (red) 
 
GM3 departure angle analysis for both geotextile and sand tests, presented in Figure 5.10 
shows that for GM3/GT2 (green) the % Loss is relatively constant throughout the range of 
normal stresses, while the wear induced on the asperities is low at normal stresses and 
significant at high normal stresses (400 kPa to 800 kPa). An interesting aspect is that for the 
GM3/GT2 interface the shear stress reduction is constant, signifying that the interaction 
mechanism is the same at all normal stresses. In comparison, the GM3/S tests show a 
reduction in % Loss with the increase in normal stress.  
The wear induced on the asperities is increasing with the increase in normal stress as well. 
This signifies that although the interface is stronger at high normal stresses due to the small 
shear stress loss exhibited by the interface, the wear induced on the asperities is significantly 
high, showing that the interaction mechanism is changing, the sand particle is considered to 
be ploughing into the geomembrane sheet rather than interacting with the geomembrane 
texture. The wear induced on the both interfaces at high normal stresses (600 kPa and 800 
kPa) is similar, the departure angle sheared values being in the same range (89º - 93º), 
however the post-peak shear stress loss is significantly different, showing that for GM/GT 
interface the interaction mechanism is constant throughout all the normal stress range, while 
for the GM/S interface the interaction mechanism changes at very high normal stresses. 
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Figure 5.10. % Loss of normal stress vs departure angle evolution (both components) at 
different normal stresses: GM3/GT2 (green) and GM3/S (red) 
The shear stress-strain response of the studied interfaces was presented in Chapter 4, 
Section 4.3. The values for peak shear strength and large displacements shear strength for the 
tested interface were compared with the values found by Sia, (2007), and it was found that the 
results are within the variability ranges, showing that the testing programme was comparable 
with the results found in the literature.  
Due to the scarce information regarding the shear stress-strain displacement plots of 
interfaces formed with structured geomembranes and geotextiles, and structured 
geomembranes and soils, an analysis of the shear stress-strain curves was employed for the 
following interfaces: GM1/GT2, GM2/GT2, GM3/GT2, GM1/S, GM2/S, GM3/S and 
GM2/C. 
The shear stress-strain curves for the interfaces formed from geomembranes and geotextile, 
exhibit a strain softening behaviour (Hebeler et al., 2005; Kim and Frost, 2011; Bacas et al., 
2015). However, although the strain softening behaviour is present on the studied GM/GT 
interfaces, it presents differences in comparison with a usual shear stress-strain plot. These 
differences are particular to the structured geomembrane texture. The behaviour is showing an 
undulating pattern or waviness which is different for GM1, GM2 and GM3. This undulation 
patters is the most accentuated on interfaces which have GM2 as a component. It is thought 
that the undulating patterns are attributed to the geometrical characteristics of the 
geomembrane and the spatial arrangement of the asperities on the geomembrane. The 
waviness is also correlated to the increased wear on GM/GT interfaces in comparison to the 
GM/S interfaces which do not exhibit this behaviour. This behaviour is a variation of the hook 
and loop interaction mechanism as described by Hebeler et al., 2005. During shearing the 
geotextile filaments are creating loops around the asperities which can be considered hooks, 
however the failure occurs then the loop slides from the asperity instead of the loop being 
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broken by the hook. This is a phenomenon which was found during the testing, as the 
geotextile did not show signs of broken filaments post shearing, and it is a peculiarity of the 
studied geomembranes. Although, this behaviour is most accentuated on GM2, GM1 and 
GM3 exhibit similar patterns when tested against GT2.  
The tests against soil are comparable with the studies found in the literature, with the peak 
shear stress and large displacements shear stress values being within the variability ranges of 
Sia, (2007). 
5.5 Geomembrane texture prototyping 
For the geomembrane-geotextile interfaces at normal stresses of 50 and 200 kPa, the 
results presented show that the correlation between the shear stress displacement curves for 
GM1 material and the SLSs samples are within the bounds of the natural variability of 
geosynthetic interfaces suggested by (Sia and Dixon, 2007). has shown geomembrane wear 
increases with normal stress, and at 400 kPa a 12.3% higher peak strength value was reported 
for the SLSs sample than GM1, which is thought to be due to the stronger, stiffer PA SLS 
material underrepresenting the wear on the geomembrane.  
Whilst the FFFs samples followed similar trends, the reported peak strengths were all more 
than 10% higher than for the GM1. This can be attributed to the FFF manufacturing process 
producing a second order roughness along the surface of the base sheet and along the 
asperities themselves. Further interrogation of the material surfaces is presented in Figure 
5.11, which shows cross sections through the asperities derived from white light 
interferometry of the factory, SLSs and FFFs materials. The FFFs material shows clear steps 
where one extruded layer meets another, which are less evident in the SLS materials adopted 
here. As a result of this, SLS techniques were preferred to FFF additive manufacturing in this 
study. However, it should be noted that these findings are a function of the equipment used in 
this investigation and is not simply an intrinsic function of the FFF and SLS techniques. 
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Figure 5.11. Interferometry comparison of pre-sheared GM1 sample and additive 
manufactured samples 
When considering the influence of asperity shape variables on the interface performance, 
hooks were found to increase the peak strength of the interface by 69% at 50 kPa normal 
stress as a result of better macroscale interaction with the fibrous geotextile, as suggested by 
Hebeler et al. (2005). The influence of the hooks is less prevalent at 200 kPa normal stress, 
however it still resulted in an 18% strength increase. At 400 kPa the hooks actually gave a 
slightly lower peak shear strength, this may be attributed to the hooks being more susceptible 
to damage than the more stable conical asperities, and indeed on further inspection the 
samples showed some hooks experienced damage to the peak of the asperities. 
Correlating the observations presented in Section 5.3, 5.4 and the analysis presented above 
an ideal asperity would have a wide based as GM2, and the upper part of the asperity would 
be created to obtain a hook pattern. This asperity shape, as shown above, would increase 
significantly the interface shear strength at lower normal stresses (50 kPa to 200 kPa) which 
could be used in steep capping applications. For high and very high normal stresses, the 
conical shape studied in this research would give higher interface strengths due to increased 
stability.  
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CHAPTER 6  
CONCLUSIONS AND FURTHER WORK 
6.1 Conclusions 
The development of wear on geosynthetic interface has a major influence on the post peak 
reduction in interface shear strength and is responsible for creating potentially stability 
problems in systems where geosynthetic-geosynthetic and geosynthetic-soil interface exist. 
Therefore, it is important to understand, and quantity, the development of wear and the impact 
it has on interfaces shear strength.  
Literature studies demonstrated that wear had been studied previously and defined as “a 
process where the characteristics of a material are altered during interaction with another 
material” (Frost et al. 2002). Wear development on geomembrane-geotextile and 
geomembrane-soil interfaces has been studied using different devices, however, no 
quantitative analyses of the degree of wear induced on the geomembranes during shearing 
existed prior to this study.  
A field study (presented in Chapter 3) showed that interfaces are subjected to 
displacements >100mm during the construction process, whilst being subjected to different 
normal stresses. This is in line with the findings of Zamara et al., (2012) who also showed 
displacements (>80mm) occurring at geosynthetic interface. These displacements would 
typically indicate post peak conditions, however, due to the changing confining stress, it is not 
clear if the interfaces will have just moved past each other, or if sufficient wear occurred to 
mobilise post peak strength loss. As such a need for understanding the development of wear 
and its influence on the shear behaviour of geosynthetic-geosynthetic and geosynthetic-soil 
interface was required. 
Following direct shear, the samples were analysed using digital imaging techniques, 
including SEM and 3D non-contact profilers. A methodology was successfully developed for 
the 3D non-contact profiler, that allowed the creation of a set of parameters for describing the 
changes in surface topography of the geomembrane asperities pre and post shearing. These 
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parameters are as follows: asperity height, top angle, top radius, approaching angle and 
departure angle. These parameters were later used for assessing the variability of the virgin 
asperities, as well as quantifying the wear induced in the geomembrane texture post shear.  
The 3D non-contact profiler allowed for quantification rapid quantification of the wear and 
geometrical deformations of geomembrane textures. However, due to the nature of the 3D 
non-contact profiler which scans the samples from above, it cannot detect features that are 
being hidden by the deformed parts of asperities. As such, SEM was required to provide with 
the necessary information which could not be obtain by 3D non-contact optical profiler 
method. Based on this study it is recommended that for in depth analysis of a sheared asperity 
both techniques should be used in conjunction. 
Variability analyses showed reduced variability for the asperity height, top angle, 
approaching angle and departure angle for all three geomembranes studied. Additionally, 
Shapiro-Wilk analysis was undertaken to assess the normality of values for each of the 
studied parameter.  
Whilst some wear is induced on both components of the geosynthetic-geosynthetic 
interface, the focus of this study was the wear induced on the geomembrane as it was found 
that the controlling factor on the peak shear strength is the wear induced on the geomembrane 
(Section 4.6).  
Several key parameters give a statistically significant indication of wear. These include in 
order of significance top angle, approaching angle and departure angle. The parameters found 
not to give a statistically significant indication of wear as follows: asperity height and to 
radius. The asperity height showed that the majority of the results in all the tests were within 
the two standard deviations of the virgin values, thus meaning that the wear was not 
sufficiently statistically significant to be utilised as a wear indicator. The top radius, although 
showing significant wear, the results showed very high variability, this is dismissed in this 
study as not sufficiently reliable to assess wear development on the asperity. In comparison 
the top angle, approaching angle and departure angle, presented consistent results, which were 
well outside of the virgin standard deviation band, thus leading to the conclusion that these 
parameters are significant when analysing wear on the asperity. 
Analysis was performed on the influence of displacement during the early stages of 
shearing (5 mm to 20 mm displacement) on the geomembrane-geotextile interfaces showed 
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that the top angle, top radius and approaching and departure angles change rapid due to 
shearing, while the asperity height is not influenced by the early displacements during 
shearing.  
Based on the findings of the wear analysis, improved geometric shapes were proposed.  
In order to prototype these geometrics, 3D printing offers a platform technology for 
investigations within the geosynthetics research and manufacturing sectors. Current rapid 
manufacturing techniques offer the ability to test the influence of variables on the 
performance characteristics of geosynthetic materials. The limitations of each technique must 
be understood to allow these techniques to be successfully deployed. 
Additive manufacturing techniques can produce prototype model samples that represent 
the interface behaviour of textured geomembranes with sufficient accuracy to be beneficial to 
the further scientific investigation of texturing geometries, however, at present printing HDPE 
is beyond the capabilities of most commercially available 3D printers. The correlation 
between manufactured and factory HDPE geomembranes is better for scenarios where 
geomembrane surface wear is low. At higher normal stresses, where large deformations in 
HDPE occur, using other polymers results in a poor correlation between 3D printed and 
factory manufactured geomembranes.  
Of the techniques trialled, additive manufacturing using selective laser sintering has shown 
the best correlations with factory reference geomembrane, likely due to the high spatial 
resolution achievable and better interlayer bonding. The internal extruded structure of fused 
filament fabrication samples was more pronounced, resulting in a rougher surface and higher 
shear stress development. 
6.2 Recommendations for further research 
The recommendations to improve this research through future work as proposed as 
follows: 
• In order to broaden the statistical dataset increasing the number of tests for each 
interface studied, with increased number of scanned samples, to thirty asperities per 
interface, normal stress and displacement. It is estimated that this would require 
approximately five years of staff resource, however, would improve the confidence 
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and reduce variability of the results and would enhance the findings of this 
research.  
• Quantification of the development of wear in the geotextile would allow for a 
complete overview of the wear development at the geomembrane-geotextile 
interface. This would require the analysis of wear on geotextile using optical or 
SEM microscopy and developing key wear indicator parameters, such as number of 
broken fibres, following a similar approach used for the geomembrane analysis.  
• Analysis of all the interfaces studied under submerged conditions would 
complement the current research. This would help understand the behaviour of 
interfaces across a wider selection of in situ conditions, also showing the water 
influence on the interface behaviour, which is hypothesised to reduce. Furthermore, 
the wear development under submerged conditions would be an insightful addition 
to the current research. 
• The development of alternative asperity shapes that will increase interface shear 
strength, as well as being able to withstand wear could further the study presented 
in this thesis. This would be achieved by refining geometrical characteristics with 
the aim of creating HDPE samples that can be tested, analysed and compared with 
the current products available in the industry. Currently printing HDPE is 
problematic due to the spatial resolution and internal structure, therefore, 3D 
printing of mould for injection moulding may be preferred in future. 
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ABSTRACT 
 
Although there is an abundance of literature on the subject of the interface shear strength of geomembrane-geotextile interfaces, there
is a dearth of information on the actual physical interaction at these interfaces. Displacement is required to achieve peak shear
strength, following which, post peak shear strength reduction is typically observed. This study uses digital imaging techniques to
investigate physical changes to the geomembrane surface during shearing in order to determine if geomembrane wear contributes to
this post peak shear strength reduction. The study uses optical microscopes with digital image capture and two different scanning
electron microscopes. The results show the importance of using an appropriate technique for the digital imaging as some techniques
may result in misinterpretation of the physical changes to the surface. The study also identifies additional wear caused by material
entering the shear area within the direct shear apparatus.
 
 
 
1. INTRODUCTION 
 
Geosynthetic interfaces occur widely across a variety of geotechnical projects that cover waste containment facilities, heap leach 
mining projects, landfills, dams and many others (Stoewhase 2002). Geosynthetic interfaces can form potential slip surfaces, which 
is a major issue when considering the scale and importance of these projects (Dixon et al. 2006; Fishman & Pal 1994; Stoewhase 
2002).The push for better, faster, more reliable and more economical projects has led to a substantial increase of geosynthetics usage 
in geotechnical projects and also placement of geosynthetics on steeper slopes, therefore, a greater reliance is placed on interfaces 
shear strength. Although geosynthetics have been used for more than half a century there remain many unknowns regarding the 
physical mechanisms affecting geosynthetic interfaces. In particular, what physical change, or ‘wear’, occurs to cause post peak shear 
strength reductions. 
 
Several researchers have considered the interaction and wear of geosynthetic-geosynthetic interfaces (Frost & Giroud, 2002; Hebeler 
et al., 2005; Stark et al., 1996; Stoewhase, 2002). Stark et al. (1996) studied the interface shear strength of high density polyethylene 
(HDPE) geomembrane-geotextile interface using a torsional ring shear, finding that the post peak strength loss was due to the pulling 
out of fibres from the non-woven geotextile and their orientation after shearing which was parallel to the shear direction. The study 
used a scanning electron microscope to illustrate how the fibre orientation changed after shearing. Frost & Giroud (2002) studied the 
magnitude of wear that geosynthetic materials suffer when placed in contact with soil and other geosynthetic materials. The authors 
defined the wear as “a process where the characteristics of a material are altered during interaction with another material”. For 
geosynthetics there are multiple wear mechanisms that have been found such as removal of the texture on a geomembrane, surface 
scarring of a geomembrane, pull-out or breakage of the filaments of a geotextile; however, no quantitative analysis was performed. 
Hebeler et al. (2005) studied the influence of the geomembrane texture on geomembrane-geotextile interfaces. The authors’ main 
focus was the ‘hook and loop’ interaction that was quantified through direct shear interface testing and optical microscopy. The 
results of this research showed that the type and characteristics of the geomembrane have an important influence in the magnitude of 
the hook and loop interaction and, therefore, the magnitude of peak interface strength. 
 
Both Dove & Frost (1996) and Frost & Giroud (2002) identify the importance of surface roughness, or texturing, of a geomembrane 
to the interface strength, thus any changes in the surface roughness due to wear can alter the interface shear strength. This study 
considers wear to the geomembrane texture, focussing on the magnitude and nature of the wear, and also the appropriateness of 
digital imaging techniques to adequately depict the wear. 
 
 
 
 
 
2. METHODOLOGY 
 
2.1. Direct shear testing 
 
The shearing of the samples was performed using a Direct Shear Apparatus (DSA) with a fixed top box, a shearing area of 300x300 
mm and a 300x400 mm lower box (see Figure 1). This DSA is one of the most commonly used in practice, being covered by several 
A1: Conference Paper (Zaharescu et al., 2015) 
different testing standards available globally,  and has been used by numerous authors in the literature (Bacas 2011). The authors 
acknowledge the limitations of this apparatus in that that the normal stress distribution is influenced by the fixed top box (Stoewhase 
2002). Normal stress was applied by an airbag placed above the top box with transfer of the normal stress from the airbag to the 
interface achieved through a series of wooden blocks. Wooden blocks were used in lieu of soil, to reduce variability between tests. 
An abrasive surface was attached to the base of the lower block to ensure that the shearing occurred at the geomembrane-geotextile 
interface and not between the geotextile and the wooden block and, therefore, avoid stretching and wrinkling of the geotextile during 
testing (Lee & Manjunath 2000). The fixation of the geosynthetics was done using bolts and clamping bars (see Figure 1). A 0.5 mm 
gap was maintained between the geotextile and the upper box of the DSA to avoid the crushing of the geotextile following Jones & 
Dixon (2003). 
 
 
Figure 1 – Sketch of the DSA  
ASTM-5321 (2012) allows for displacement rate used for geosynthetic-geosynthetic interface shear testing to be up to 5 mm/min, 
and Godley and Fowmes (2015) showed that there is no connection between the shear rate and the shear strength of an interface. 
However, a shear rate of 1 mm/min was used in compliance with BS EN ISO 12957-1:2005 and as typically used in literature 
(Stoewhase 2002). Samples in this study were sheared for 80mm prior to sampling and imaging, therefore, wear is likely to exceed 
that typically observed on site. The tests were conducted at different normal stresses, ranging from 50 kPa to 400 kPa. This was done 
in order to cover a wide variety of normal stresses that can be found in different projects such as waste containment facilities liners, 
embankments and other geotechnical works.  
 
2.2. Materials 
 
A structured geomembrane was selected with a regular asperity pattern to facilitate comparison between virgin and sheared samples. 
Staple fibre non-woven needle punched (NWNP) geotextiles typical to containment applications were selected for the upper box. The 
geotextiles were not subject to calendaring or heat treatment that could affect the interaction with the geomembrane. Two 
geomembranes with different texture size and two geotextiles of different thickness were selected for the testing. The materials are 
presented below and the testing combinations are summarised in Table 1. 
  
• GM1 – Structured geomembrane – a HDPE, 1.5 mm thick geomembrane with regular spike like texture, asperity height of 
1mm, asperity diameter of 1.5mm and a density of 0.942 g/cm3 
• GM2 – Structured geomembrane – a HDPE, 1.5 mm thick geomembrane with regular spike like texture, asperity height of 
0.8 mm, asperity diameter of 1 mm and a density of 0.942 g/cm3 
• GT1 –NWNP geotextile with a thickness of 7.8mm, CBR of 14 kN, tensile strength of 75 kN/m in both machine and cross 
machine direction. 
• GT2 – NWNP geotextile with a thickness of 4.9 mm, CBR of 5 kN, tensile strength of 30 kN/m in both machine and cross 
machine direction. 
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Table 1 – Summary of the tests performed 
Interface 
shear test 
Materials 
used 
Normal 
stress (kPa) 
Maximum 
shear stress 
(kPa) 
Large 
displacement 
shear stress (kPa) 
Test1 GM1-GT1 400 333.7 103.6 
Test2 GM1-GT1 50 32.1 17.9 
Test3* GM1-GT1 400 313.1 94.9 
Test4 GM1-GT2 400 290.3 102.6 
Test5 GM2-GT2 400 167.7 106.9 
Test6 GM2-GT2 200 94.9 66.7 
Test7 GM2-GT2 50 27.6 18.9 
*multiple shearing carried out in test 3. 
 
 
2.3. Digital imaging 
 
Three imaging techniques were selected from the available equipment to facilitate analysis of the sheared samples. Optical 
microscopes were used initially followed by two scanning electron microscopes (SEMs). An SEM is a device that uses a focused 
beam of electron in order to produce images of a sample. These images are the result of the interaction between the electrons and the 
atoms of the sample, this interaction producing signals that are collected and transformed in images that offer information about the 
topography or the composition of a sample. 
 
2.3.1. Optical microscopy 
 
The optical microscope was chosen as it is one of the easiest and most cost effective ways to analyse the sheared surface. However, 
the magnification was limited to 12x for the materials scanned in order to retain the required field of view. Moreover, the light source 
used on the optical microscopes was reflected off the HDPE surface, thus the quality of the images obtained was reduced due to the 
reflecting light. 
 
2.3.2. Cambridge SEM 
 
The first SEM utilised was a Cambridge Stereoscan 360 (see Figure 2). This SEM is able to produce images down to 1µm, however, 
drawbacks of this apparatus include: the necessary time to vacuum the SEM chamber before the beam of electrons can be emitted is 
relatively long in comparison with other SEMs, there is no possibility of tilting the table on which the sample is attached in order to 
obtain an oblique image and the operation of the machine is complex thus the necessity of a trained technician to use the SEM. 
 
Figure 2 – Cambridge scanning electron microscope 
 
 
 
 
2.3.3. Field Emission Gun Scanning Electron Microscope (FEG-SEM) 
 
The second SEM used for producing the digital images of the sheared geomembrane was a FEG-SEM (Figure 3). This device was 
chosen due to the fact that it is more ‘user friendly’, needing only a short training session before the user can run the device. Unlike 
the Cambridge SEM the time for chamber vacuum is shorter and it offers the possibility of tilting the table on which the samples are 
located to a maximum of 60° giving the ability of taking images from an oblique perspective. Moreover, it has other features 
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including energy dispersive X-ray spectroscopy (EDS), electron backscattering diffraction detector (EBDS) and variable pressure 
mode, however, these features were beyond the scope of this study.  
 
 
Figure 3 – Field emission gun scanning electron microscope 
 
2.3.4. Sample preparation 
 
As HDPE is non-conductive it was necessary for the sample to be prepared for scanning with either the Cambridge SEM or FEG-
SEM. The samples were cut to size then introduced in a device that applies a thin layer of gold and palladium mixture on them. This 
process creates a conductive layer on the samples which provides the necessary conductivity for scanning whilst not interfering with 
the imaging process. 
 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Comparison of different imaging techniques 
 
Table 1 summarises the tests that were selected for the digital imaging analysis from a total number of 49 tests performed. Figure 4 
presents the spike-like texture of a single asperity on GM1 material in virgin state, before being sheared. 
 
 
Figure 4 - Virgin asperity of material GM1 scanned using FEG-SEM 
 
Figure 5 shows an asperity from the same material (GM1, Figure 4) after shearing against a non-woven needle punched geotextile 
(GT1) at 400 kPa. Figure 5a shows the image of the asperity taken using an optical microscope. Polishing of the top on the asperity 
can be seen, however, the optical image does not give any details regarding how the asperity deformed and how much damage is 
present on the asperity and is obscured by reflected light. Figure 5b shows an asperity from the same sample that was scanned using 
the FEG-SEM. From figure 5b it can be observed that the asperity was not only polished, but also significantly deformed. The image 
in figure 5c was scanned with the Cambridge SEM. This technique does not offer the possibility of obtaining images from an oblique 
perspective. Whilst the detail of the deformation of the asperity if very high, the full nature of the deformation cannot be determined 
from this image.  
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Figure 5 – Sheared asperity of Test1 scanned using a) OM and using b) FEG-SEM and c) Cambridge SEM (σn 400kPa) 
The interpretation of the response from Figure 5a and 5c was that the asperities had deformed uniformly over the full height as 
presented in Figure 6a. However, after scanning with the FEG-SEM, it was observed that the response was the one in Figure 6b. This 
finding shows the importance of correctly choosing the imaging techniques as it can lead to a poor understanding of the interaction 
between the two materials and a poor understanding of the wear mechanism of the geomembrane. 
 
 
 
 
Figure 6 - Sketch of the interpreted deformation of the asperities after shearing using a) OM and SEM b) using FEG-SEM 
3.2. Wear at Low Normal Stresses 
 
Figure 7 presents the same materials as in section 3.1, but after shearing at a normal stress of 50 kPa. Deformation of the asperity can 
still be observed, however, the polishing of the top of the asperity is not present and also there is no sign of crushing.  
 
 
Figure 7 – Sheared asperity of Test2 scanned using FEG-SEM (σn 50kPa) 
 
3.3. Multiple shearing analysis 
 
In test 3 the geomembrane was sheared two times against virgin geotextiles in the same direction, after which the geomembrane was 
turned to 180° and then sheared again against a virgin geotextile. This was done in order to investigate the influence of the 
orientation of the geomembranes as it was hypothesised that the deformed asperities observed in Figure 5 would create a hook and 
loop interaction between the geomembrane and the geotextile. The results did not confirm the hypothesis due to the wear that the 
geomembrane in Test 3 has suffered during the previous two shear runs. The deformed sample can be seen in Figure 8 and stress 
strain curve can be seen in Figure 9.  
 
a b c 
a b 
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Figure 8 – Sheared asperity of Test 3 - scanned using FEG-SEM (σn 400kPa) 
 
Figure 9 - Shear stress vs displacement comparison between Test1 and Test3 
 
3.4. Geomembrane GM2: 0.8 mm asperity height 
 
Figure 10 presents the virgin asperity of material GM2. This geomembrane has also a structured texture; however, the asperities are 
0.2 mm shorter in height and 0.5 mm smaller in diameter than the GM1 material. Figure 11a-c presents the GM2 sheared against 
GT2 at 400 kPa, 200 kPa and 50 kPa respectively. Figure 11a shows deformation and crushing, however, this is significantly lower 
than shown for GM1. In comparison, Figure 11b shows small deformations and there is no evidence of crushing of the asperity. At 
50 kPa normal stress (Figure 11c) there is no sign of deformation or crushing of the asperity.  
 
 
Figure 10 – Virgin asperity of material GM2 scanned using FEG-SEM 
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Figure 11 - Sheared asperity of Test 5-7 - scanned using FEG-SEM σn a) 400 b) 200 and c) 50kPa) 
3.5. DSA limitations 
 
When studying the sheared samples from Test 1 it was noted that the asperities that entered the shearing area were more deformed 
(see Figure 12a) than the ones that were inside the shearing area from the beginning (see Figure 5). Figure 1 presents the shearing 
area and shows the part of the geomembrane that enters this area during testing. It was hypothesised that these asperities were 
damaged by the leading edge of the shear box and this was causing the irregular post peak behaviour observed in Figure 10. Another 
two tests were performed in which the texture that entered the shearing area was removed before the start of the tests in order to 
observe if the shear-stress vs. displacement graph pattern was changing when removing the texture that enters the shearing area. 
However, the results showed the same irregular post peak pattern, albeit with slightly lower strength, therefore, the post peak 
behaviour is inherent to the material interaction. This issue highlighted the importance of where on the geomembrane samples are 
taken for analysis. In order to alleviate the problems identified a thicker geomembrane was trialled (Test 4). The damage caused by 
entering the shearing area was reduced (see Figure 12b), but remained greater than in the main shear area. 
 
 
  
Figure 12- Sheared asperity of test a) Test1 and b) Test 4 scanned using FEG-SEM (σn 400kPa) 
 
4. FUTURE WORK 
 
In future FEG-SEM analysis of wear shall be carried out at pre-peak, peak and post peak displacements to assess the evolution of the 
wear mechanism. Additionally, tests in which soil will be tested against geomembranes will be conducted in order to develop an 
understanding on the wear mechanism development at geosynthetic-soil interfaces. 
  
5. CONCLUSION 
 
This paper describes an analysis of sheared geomembrane samples using digital imaging techniques. The following conclusions are 
drawn: 
1. The digital imaging technique used for analysis is important, as many features can be missed or misinterpreted if an 
inappropriate technique is employed. 
2. The amount of wear is dependent on the normal stress during shearing. At 400 kPa significant damage is observed. This 
may have implications for tests at higher normal stresses.  
Top of the asperity is flattened and deformed 
 
Top of the asperity is flattened 
 
No major deformation observed 
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3. The leading edge of the DSA apparatus can damage asperities that enter the shearing area. It is important to select sampling 
locations from within the existing shear area.  
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